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PREFACE

This report presents the results of a study to determine weight
estimating relaticnships and recurring production cost estimating rela-
tionships for helicopters at the system level., This study was sponsored
by the National Aeronsutics and Space Administration under contract
number NAS2-8703, Mr, Joseph L. Anderscn monitored the study for the
V/STOL Systems Office of the V/STOL Aircraft Technology Division, Ames
Research Ceater, Work was perforued at two separate intervals, between
February and October, 1977, and between December, 1978, and January,
1980, by the Ecomomic Analysie Division of Science Applications, Inc.
(SAI).
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EXECUTIVE SUMMARY

This report presents the results of a NASA-sponsored study to develop
weight estimating relationships (WERs) and recurring production cost esti-
mating relationships (CERs) for helicopters at the system level. The sys-
tems considered in this report correspond to the standard weight groups

deiined in Military Standard 1374A, They are:
Wing Propulaion Electrical
Rotor Flight Controls Avionics
Tail Auxiliary Power Furnishings and Equipment
Body Instruzments Air Conditioning
Alighting Gear Hydraulics Anti-Icing
Nacelle Pneuratics Load and Mandling

These systems make up a complete helicopter,

The WERs estimate system level weight based on performance or design
characteristics which are availlsble Jduring concept formulation or the pre-
liminary design phase.

The CER (or CERs in some cases) for each system utilize weight (either
actual or estimated using the appropriate WER) and production quantity as
the key parameters. The CERs provide a very ueeful tool for making prelim-
inary estimates of the recurring prodﬁction cost of a helicopter. Although
the CERs are based on current technology, any systems which involve new designs
and technologies* should be analyzed in greater detail using the CER based on

current technology as a point of departure.

The weight estimating relationships were developed by performing var-

ious statistical analyses, including regressions on design and performance

* It is unlikely that a helicopter which utilizes new technologies for every
system will be designed or produced in the foreseeable future. Rather,
future helicopters will probably be derivatives of current ones. There=-
fore, many of the CERs provided will be appropriate for estimating the
costs of future helicopter designs.

xi
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characteristics and system (or subsystem) level weights for a wide variety

of helicopters., Our data bank included over seventy helicopters, both
military and commercial, with manufacturer's empty weights ranging from

about 1,000 to over 30,000 pounds. After these data were adjusted to exclude
more than one model of each helicopter type and, thereby, avoid biasing the

WERs obtained, thirty different helicopters were rcpresented.

The discussion provided for each system level WER notes alternative
independent variables which were considered and provides coefficients of

determination (rz). Detailed weight data, design and performance data are

also included.

Detailed cost data were available for only some helicopter systems.
These data were regressed against corresponding weights to develop CERs,
In order to develop cost estimating relationships for systems for which
costs were not reported, novel methods and sources were used, One such
source was helicopter industry subcuntractors with extensive experience
in supplying major components and subassemblies., They were contacted and
interviewed. The general cost iaformation which they provided on major
components and subassemblies was then aggregated by system according to
the proportion of total system weight. Also, cost data provided in our
previous report (l)* for transport aircrafft systems were used as a cross
check or as a primary source where research indicated that this was appro-

priate,

Since the cost data varied substantially in terms of quality, con-
fidence values were developed for each CER based on an evaluation of its
data sources, Thus, anyone using the CERs has a basis for determining which
ones he should be most confident of and which he might want to confirm or
augment by using other data sources (such as company proprietary information)

to which he might have access.

In summary, this report provides weight estimating relationships and

cost estimating relationships for each helicopter system. Together, these

*  Numbers in parentheses correspond to the document of the same number
cited in the References.
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enable recurring production costs to be estimated based on information
available during concept formulation or the preliminary design phase.
Because they are at the system level, selected WERs and CERs may be mod-
ified to reflect new designs or technologies and the sersitivity of total

weight and cost to them may be evaluated.

In order to facilitate the use of the WERs and CERs, the numler of
independent variables included {n them has deliberately been kept as small
as would be consistent with reasonable accuracy.* At later stages of
design, accuracy m1y be improved through the use of more complex, cumputer-~

based models such as those developed by helicopter manufacturers for in-

house use,**

* Specifically, only twelve independent variables are included in t'.e WERs,
while the CERs are a function of only weight and quantity.

** For example, a set of WERs developed and used by one manufacturer included
over 150 independent variables.
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SECTION |
INTRODUCTION

A, OBJECTIVE
The objective of thig report 18 to provide a rapid and easy means

for estimiting the recurring production cost of helicopters at the system

level, T this report the system level refers to the elghteen major gyge

tems shown fn Figure 1.1, These syetems correspond to the standard welight

groups defined in Military Standard 1374A. Several of these systems have

been brokea into subsystems so that their costs w
greater accuracy,

The recurring production cost estimating relationships (CERg) pre-
sented {n this report should be useful to the NASA and to oth

er government
agsmeies, as well s

$ to coumercial and research firms for making eatimates

ing methods during concept
preliminary design phase. Also, the
used by the NASA in screening and ev

formulation and the se estimates can be
aluating the user cost impact of poten~

tisl aetronautical research and development Programs which 1t mighe sponsor,

Cost estimates made with this model should also be quite ugefy! in developing

initial design to cost (DTC) targets and in performiag system design tiade-

off studies during preliminary design, These capabilicies are made possible

by the disaggregated nature of the CERs, which permit

8 the user to rmodify
them to reflect atypical designs,
The CERs estimate recurring production costsg as a funct?

ton of weight
and production quantity,

If known, actual welghts may be used. If not, a

set of corresponding system level weight eatimating relati{onships (WERs)

ed upon performance
able when the helicopter i{s in the early

has been developed to estimate system level wefght bas
or design characteristics avail

conceptual stages,
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HELICOPTER SYSTEMS®

l. Wing
2. Rotor
J. Tail

A. Tail Rotor

B. Tail Structure
4. Body
3. Alighting Gear
6, Nacelle
7. Propulaton

A, Powerplant

B, Drive

C. Fuel
8. Flight Controls (Less Autepiio:)
9. Auxiliary Power

10, Instruments

1. Hydraulics

2. Pncumatics

13, Electrical

14, Avionics (Including Autopilot)
I5. Furnishings and Equipment

16, Afr Conditioning

17. Aiti-Icing

18, Load and Handling

Manufacturer's Empty Wefght (4EW)

-

*  These systems correspond exactly to the standard welipht proups defieve!
in Military Standard 1374A, except that the Military Standard co “Stines
hydraulics and pueumatics into one standard weight group,

1-2
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B. BACKGROUND

Early weight estimating relationahips for alrcraft assumed that sub-
sequent or future afrcraft would be much like their predecessors, possibly
only larger or with more enginea., These early relationships estimated in
8 gross way the manufactured weight of the aircraft less its engines, Many

adjustments were required to make these simple relationahips agree with the
planned design of the new atrcrafe,

A similar sfituation existed with respect to cost estimating relation-
ships. In the m1d-1560a, the military became concerned with the cost of
their weapon systens. As a result, their planners had to develop methods
to estimate the custs of new systems. In 1964, the Planning Research Cor-
poration published the first cost estimating relationships for military
aircraft, The Rand Corporation has cont {nued this to the present, The

Rand Corporation has included RDTLE airframe, engines, and some weaponry

in its cost estimating relationships, These relationships are based on past

aircraft purchases and provide cost estimates at the total airframe level.

In assessing and prioritizing its aeronautical research programs, the
NASA found that the Rand methods were not wholly satisfactory because it
was necessary to make many detafled calculations and perform much analysis

outside of the model to account for the incorporation of any n=w technol-
oples,

Manufacturers have usually relied upon det»iled industrial engineering
estimates at the component level. To do this, the estimator specifies cach
engineering task, tool requirement and production operation based upon a set
of detailed drawings, When ordinary operations and equipment will be re-
quired, standard cost factors are applied. If new techniques are to be used,
cost factors must be developed. Industrial engineering estimates require an
extraordinary amount of time and manpower and, because of this and their

limited accuracy, they are not warranted for preliminary desipn purposes,

The NASA recognized the voed to develop a cost model at the syg~

tem level which would enable consideration of the costs of alternative

1-3



designe with a fraction of the manpower required by the industrial engi-

neering approach. Scilence Applications, Inc, (SAl) was given a contract
to develop such a model. This effort was initially devoted to military
and commercial transport aircraft. A model was developed which estimates
the recurring production cost of existing transport aircraft within ten
percent of their actual cost. This model is documented in NASA CR 151970,
Pavametric Study of Transport Afrcraft Systems Cost and weigﬁg.(t)

The NASA recognized the need for a similar capability to estimate
the recurring production cost of helicopters at the system level. Since
SAI was experienced in successfully developing such a methodology for trans-—
port aircraft and had developed an extensive cost data base for helicopters,(z)
it was selected by the NASA to perform this study.

C. ORGANIZATION OF REPORT

The assumptions, analytical approach and methodology used in this

study are discussed in Sections 2 and 3, for weight and cost respectively,

and the complete sets of WERs and CERs developed arc provided therein,
Th2 WERs and CERs developed for each system or subsystem are examined and

discussed in detail in Sections 4 and 5.
E,
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SECTION 2

SUMMARY OF WEIGHT ANALYSIS AND MLTHODOLOGY

Weight and technical data were collected for over 70 military and com—~
mercial helicopter types and models., These data were screened to establish
a representative group of 30 helicopters from which weight estimating rela-
ticnships (WERs) were developed for the 18 systems presented in Figure 1.1,
The objective of and methodoleogy used to accomplish this part of the study
are discussed below. Then, summary information and system level weight data
are presented for the helicopters included in the data banks. Next, the
WERs are presented in gummary form, Finally, example applications of the
WERs are provided. Reclevant technical information and the specific deta and

methodology used in developing each WER are discussed in detail in Section 4,

A. OBJECTIVE AND METHODOLOGY

As noted earlier, the primary objectire of this study was to develop
rapid and easy means for estimating recurring production costs for helicop-
ters at the system level., Cost has been found to correlate very well with
weight. However, actusl weights are obviously not available during the
conceptual design phase. Therefore, reljiable WERs for system level weights
which would be compatible with the system and subsystem breakdown of the

CERs were required,

Weight, performance and design data were collected for nearly 50 dif-
ferent helicopter models, comprising more than 70 types., The primary source
for these data wae information developed by AAVSCOM, However, these data

were augmented with information from Jane's All the World's Aircraft, DMS

Market Intelligence Reports, and manufacturers' weight statements, as appro-

priate.

Determination of Data Base and Validity of Data Points

From our initial data baunk of 70 helicopters, some were deleted in order
to create a more representative sample and to reduce bias. These adjustments

were made for the following reasons:

2-1



e All experimental (paper) designs were eliminated from the
sample (although prototypes were included) as it was felt
they might not be representative of existing technologies

or designs,

e Duplications of a basic helicopter model may cause regression
bias in an equation., This is especially true for larger models,
In such cases, the most "representative"” model was included in
the dauta base. For example, the data included the UH-1B, UH-IC,
UH~-1E, UH-1F, UH-IH and UH-~1N, yet only the UK-lH was incorpo-

rated inour sample, (The UH-2B and -~2D are an exception, since

the weights of their systems are almost completely different and
the MEW for the UH-2D is about 19 percent greater than that of
the UH-2B), On the other hand, when two different types of the
same helicopter model employed obviously different designs or
techaologles, both were included, For example, the UH-IN was
ugsed in addition to the UH~IH for the nacelle system, since

they had different numbers of engines,

e Data may be missing or unreliable, For example, smaller nacelles
usually had no defined surface area (due to their location in the

fuselage). Therefore, they were not included in deriving the

weight estimating relationship.

e Data points may be significantly above or below the general trend
line for unknown reasons. Complex statistical procedures were
applied to confirm suspect data points as "outliers" and to
justify their exclusion. If the reason for an "outlier" even-
tually tecame known, it was included in the weight estimating

relationship by use of a "dummy variable."

e Data for extraordinarily large helicopters often resulted in some
unusually high correlations and/or sudden shifts in slope. For
example, in the fuel system, the inclusion of data points for
modely with design gross welght greater than 100,000 pounds

caused the coefficient of determination to increase from .77 to

2-2




+95, even though the effect on the slope was small. Typically,
however, for most estimating relationships, system weights for
large models cause significant changes in slope as well as in
correlation. Weight estimating relationships which include
large helicopters usually have large negative intercepts as
well as steeper slopes, which might result in negative weight
estimates for small models, Therefore, such data points were
excluded from the sample,

The helicopter models which are included ih our basic sample are listed
in Table 2.1, together with information cn the manufacturer, common name,
primary user, mission, manufacturer's empty weight (MEW), design gross weight
(wg), and takeoff gross weight (TOGW). System level weights, which sum to
MEW, are presented in Table 2,2,

For individual systems, the basic sample was augmented with other data
as appropriate. VWhen this was done, relevant {nfornation is included in the

detailed weight analyses in Section 4,

Formulation of Weight Estimating Relationships

The system level weights were examined to determine their relationship
with various design and/or performance characteristics which should be avail-
able early in the design phase. Twelve characteristics are used in the equa~
tions. They are listed in Table 2.3, together with the approximate percent-
age of manufacturer's empty weight which they estimate. Four of these char-
acteristics estimate about 88 percent of MEW. As shown, design gross weight
is a key variable. It is equal to manufacturer's planned empty weight plus
useful load. It correlates very well with takeoff gross weight (differences
can be explained as planned vs. actual). However, design gross weight was
used instead of takeoff gross weight because it is established during the

preliminary design phase.

WERs were developed by determining the relationship between weight and
one or more design or performance characteristics, The WERs provided are

typically characterized by a slope and an intercept which have been statise

2-3



Table 2,1
SUMMARY OF HELICOPTER WEIGHT DATA BASE

HELICOPTER  MANUFAC-

MODEL TUKER COMMON NAME MISSION PRIMARY USER MEW wg TOCW

269A Hughes 985 1,600 1,582

OH-SA _Hughes Cayuse Light observation U.S. Army 1,202 2,400 2,400
helicopter

TH~57A Bell Kiowa-Sea Ranger Observation,recon- U.,S. Navy 1,535 2,900 2,555
naissance,fire sup-
port,utility,training

NH-58A Bell Kiowa Light observation U.S, Army 1,545 3,000 3,000
helicopter

OH~214 Hiller 1,905 2,800 2,620

N
1S

OH-13S Bell } Scout helicopter U.S. Army 1,926 2,850 2,850

BO10S5 Vertol Fxecutive Executive transport Commercial 2,342 4,630 4,569

286 Lockheed 2,931 4,700 4,700

UH-1H Bell Iroquois General purpose, U.S. Army 5,235 6,600 6,654
Assault/transport U.S. Air Force

H-52A Sikorsky Prototype-—never 5,585 7,500 8,308
produced

UH-19D Sikorsky Troop movement/ U.S. Army 5,831 7,100 7,2C0

medical evacuation U.S. Air Force

UH-2B Kaman Seasprite u.,S. Navy 5,909 7,378 8,362
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Table 2,1 (Continued)
SUMMARY OF HELICOPTER WEIGHT DATA BASE

HELICOPTER MANUFAC-

MODEL TURER COMMON NAME MISSION PRIMARY USER MEW
-16C Bell 6,913
UH-2D Kaman Seasprite Utility helicopter U.S. KNavy 7,633
YAH-64 Hughes , Advanced attack U.S. Army 7,848

helicopter (AAH)
CH-344A Sikorsky Anti-submarine war~ U,S. Marine Corps 7,803
fare (ASW)(Marines), y,s, Army
general purpose(Army)
CH-21C Vertol Transport U.S. Air Force 9,158
YUH-63 Bell AAH U.S. Army 9,729
YUH-61A . Vertol Utility tactical U.S. Army 9,826
transport aircraft
system (UTTAS)
YUH-50A Sikorsky UTTAS U.S. Army 10,222
SE-3A Sikorsky Sea King ASW U.S. Navy 11,459
S=-67 Sikorsky Blackhawk High speed attack Private-venture 11,752
helicopter
AH-56A Lockheed 12,077
CH-46F Vertol Sea Knight Cargo transport U.S. Navy 13,313

U.S. Marine Corps

10,000

10,187

13,950

11,867

13,300

15,645

15,313

16,250

18,064

17,300

18,300

20,800

TOoGwW
N/A

N/A

13,200

12,797

13,301

14,955

15,105

15,850

18,060

19,589

18,265

20,284
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HELICOPTER

MANUFAC~

Table 2,1 (Continued)
SUMMARY OF HELICOPTER WEIGHT DATA BASE

MODEL TURER COMMON NAME MISSION PRIMARY USER MEW Wé TOGW
CH-474A Vertol Chinocok All-weather,medfum U.S. Army 17,752 33,000 33,001
transport
CH~54A _Sikorsky  Tarhe Heavy 1ift U.S. Army 19,192 38,000 38,733
CH-37A Sikorsky 21,238 30,342 31,000
YH-16A Vertol Prototype~~never 22,655 134,000 34,001
produced
CH-53A Sikorsky Sea Stallion U.S. Navy 23,097 33,500 35,728
347 Vertol Prototype-~never 24,797 42,500 42,500

produced



Table 2.2

HELICOPTER SYSTEM WEIGHT SUMMARY ‘

BLADE HUB &
WING ROTOR  ASSEMBLY  HINGE TAIL ROTOR  STRUCTURE

MODEL ! ) 24 i) Y34 ¥3p
269A ( 115) 66 49 (¢ 9) 5 4
OH-6A ( 174) 169 65 ( 23 ) 7 16
TH-57A ¢ 2717) 187 90  ( 34 ) 8 26
OH-58A ( 281) 190 91 ( 32 ) 10 22
OH-23G ( 311) 163 148 (21 ) 17 4
OH-138 ( 284) 182 102 ( 17 ) 8 9
BO105 ( 462) 264 198 ( 56 ) 22 34
286 ( 726 ) 427 299 ( 69 ) 29 40
UH-1H ( 742) 406 336 ( 84 ) 30 54
H-52A ( 785) 425 360 (106 ) 53 53
UH-19D ( 786) 422 364 (101 ) 60 41
UH-2B (1,329 ) 720 609 ( 96 ) 68 28
AH-16C 260 (1,400 ) 675 725 ( 151 ) 73 78
UH~2D (1,325 ) 720 605 ( 216 ) 104 112
YAH-64 252 (1,207 ) 664 543 (237 ) 85 152
CH-34A (1,313 ) 652 661 ( 260 ) 74 186
CH-21C o (1,344 ) 678 666 (162 ) 162
YUH-63 349 (1,656 ) 979 677 (184 ) 84 100
YUH-61A (1,645 ) 1,052 593 ( 344 ) 76 268
YUH-60A (1,705 ) 809 896 ( 346 ) 105 241
SH-3A (2,328 )+ 1,012 1,316 (222 ) 99 123
S-67 453 (2,348 ) 1,039 1,309 ( 468 ) 103 365
AH-56A 539 (2,812 )* 1,239 1,13 ( 287 ) 130 157
CH-46F (2,424 )+ 918 1,506

CH-47A (2,996 ) 1,610 1,386

CH-54A (4,052 ) 2,115 1,937 ( 519 ) 360 159
CH-37A 621 (3,251 ) 1,749 1,502 (570 ) - 345 225
YH-164 (4,536 ) 2,198 2,338 (133 ) 133
Cl-53A (4,489 )t 2,120 2,369 ( 673 ) 367 306
347 (5,054 ) 2,740 2,314

TOTAL 2,454 (52,157 )* 26,530 25,187 (5,420 ) 2,322 3,098
IMEW 0.9 (18,4 )* 9.4 8.9 (1.9 ) 0.8 1.1

* Includes propeller - 440 pouunds.

1+ Includes blade folding apparatus.
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Table 2.2 (Continued)
HELICOPTER SYSTEM WEIGHT SUMMARY

2~-8

ALIGHTING POWER~

BODY GEAR NACELLE PROPULSN  PLANT DRIVE FUEL
MODEL ¥, Yy W ¥, YA ) 1¢
269A 125 53 7 ( 503) 336 142 25
OH-6A 242 70 8 ( 341) 192 113 36
TH-57A 335 45 32 ( 396) 194 176 26
OH-58A 332 35 36 ¢ 419) 165 215 39
OH~23G 248 88 79 ( 771) 551 198 22
OH-13s 221 54 37 ( 845 ) 588 155 102
B0105 472 94 25 ( 804 ) 343 395 61
286 496 142 12 ( 865) 369 440 56
UH-1H 1,035 121 114 (1,632 ) 683 658 291
H-52A 1,263 485 63 (1,115 ) 360 621 134
UH-19D 985 287 147 (2,525 ) 1,244 1,064 217
UH-2B 1,259 343 161 (1,467 ) 635 733 99
AH-16C 1,327 134 180 (1,912) 835 825 252
UH-2D 1,394 424 371 (2,365 ) 805 1,361 199
YAH~-64 1,311 396 123 (2,687 ) 1,089 1,101 497
CH-34A 1,044 475 150 (3,189 ) 1,737 1,091 361
CH-21C 1,884 . 522 89 (3,371 ) 1,809 1,393 169
YUH-63 1,726 497 252 (3,020 ; 1,093 1,523 404
YUH-61A 1,648 500 210 (2,767 ) 831 1,576 360
YUH-60A 1,729 659 155 (2,730 ) 862 1,405 463
SH-3A 2,009 748 131 (2,724 ) 701 1,763 260
S-67 1,695 656 156 (3,466 ) 941 2,123 402
AH-56A 1,872 653 231 (2,895 ) 969 1,680 246
CH-4GF 3,126 591 71 (3,235 ) 951 2,010 274
CH-47A 4,487 1,086 176 (5,154 ) 1,342 3,531 278
CH-54A 2,685 1,79 66 (6,857 ) 2,185 3,797 875
CH-37A 3,247 983 1,098 (8,419 ) 5,516 2,567 336
YH-16A 5,424 1,244 119 (7,822) 3,706 3,679 437
CH-53A 5,260 1,019 394 (6,057 ) 1,762 3,919 376
347 6,259 1,114 191 (6,881 ) 1,741 3,796 1,344
TOTAL 55,140 15,312 4,884 (87,231 ) 34,540 44,050 8,641
IMEW 19.5 S.4 1.7 (30.7 ) 12,2 15.5 3.0



.
L
| Table 2,2 (Coutinued)
‘ HELICOPTER SYSTEM WEICHT SUMMARY
AUXILIARY

FLIGHT POWER INSTKU- ELEG-

CONTROLS  PLANT MENTS  HYDRAULIC PNEUMATIC ERICAL  Aviudiod
MODEL Yg Wy "o iy Y3 "l
269A 51 8 59 Yl
OH=6A 65 30 68 D
TH=-57A 133 29 110
V=584 125 27 85 .
OH=2 3G 108 34 111
OH-13$ 155 24 130 91
BOLOS 189 25 168
286 327 58 38 130 Y
UH~1H 357 59 33 360 A
H-52A 353 124 43 419 427
UH-19D 164 70 47 327 RN
UH-28 301 142 42 233 3i%
AH-16C 469 101 110 400 264
GH-2D 300 166 52 293 302
YAl-64 419 135 99 96 294 303
CH=34A 378 108 26 327 269
Cll~-21C 561 134 62 342 247
YUH-63 596 137 127 162 4C0 368
YUuli-61A 721 193 153 389 456
YUH-60A 694 194 152 87 464 4o
SH-3A 654 368 46 391 1,273
§--H7 780 187 40 397 737
AH=-56A 1,021 136 127 86 377 b
CH=46F 828 106 158 168 654 A
CH-47A 1,212 99 172 212 555 03
CH=-54A 1,161 183 284 168 472 45
CH-37A 965 191 129 497 209
YH~16a 1,229 176 224 708 303
CH-%3A 1,168 211 395 132 601 G5
347 1,921 177 195 176 617 371
TOTAL 17,413 1,571 3,923 2,179 10, 387 9,957
7HEW 6.1 0,6 i.4 0.8 3.7 3.5
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Table 2.2(Continued)
HELICOPTER SYSTEM WEIGHT SUMMARY

FURNISH AIR ANTI~ LCAD &

& wEQUIP COWNDIT I‘('J'ING HAI;DLING TOTAL
_MODEL 15 16 17 18 MEY
2694 33 11 985
OH-6A 58 9 1 1,202
TH-57A 64 27 1,535
OH-58A 42 25 1,545
Ld-23¢ 32 4 1,905
OH-138 30 40 1,926
BOi05 47 2,342
286 84 14 2,981
UH-1H 408 44 5,235
H-524 216 88 9 89 5,585
UH-19D 205 77 5,831
UH-2B 131 25 56 6 5,909
Ali-16C 130 76 6,913
UH-2D 166 35 33 131 7,633
YAH-64 185 99 5 : 7,848
CH-34A 189 72 3 7,803
CH-21C 258 137 45 9,158
YUH-63 202 98 6 9,729
YUH-61A 630 78 33 39 9,826
YUH-604A 675 58 28 0 10,222
SH-3A 400 86 23 56 11,459
§-67 230 126 13 11,752
AH-56A 274 75 42 12,077
CH-46F 854 127 130 196 13,313
CH-47A 866 145 34 258 17,752
CH-54A 218 94 20 18, 19,192
CH-37A 810 176 12 21,238
YH-16A 425 165 137 22,655
CH-53A 1,289 234 77 439 23,097
347 1,337 155 47 302 24,797
TOTAL 10,508 2,400 544 1,990 283,445
%MEW 3.7 0.8 0.2 0.7 100.0
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Table 2,3

"DESIGN AND PERFORMANCE CHARACTERISTICS
USED IN %ERa

DESIGN OR PERFORMANCE
CHARACTERISTIC

Destign Gross Welght
body Surface Area

Blade Planform Surface Ares
Engine Horsepower

Fuel Quantity

Number of Passengers and Crew
Vehicle Sink Speed

Range

Racelle Surface Area

Tail Surface Area

Constant for Auxiliary Power Plant (1f installed)

Wing Surface Area

2-11

PERCENT OF Mry

29.1
26,4
18.4

13.6



P

tically determined to reprexent wost effectively the data from which they

were derived, The bagic formulae for deriving the slopa and intercept for
a simple rejression are:

e Slope: b e EEE%JLJEEXE
nlX® -« (2x)

¢ Intercept: aw~ LY - bLx,

These results can Le directly derived fros the raw data. The formulae for
nultiple regression ace care complex and are not presented here, tut may be
found in Wonnacott and Wonnacott, Introductory Statistics, Chapter 13,

Most systems o, subsystems were found to be explained adequately with
only one variable; the restc required two, After examining several alter=-
native explanatory vaeriables, thoze which combined the best functional and
statistical qualities were included in the weight estimating model., Vari-
ables which had intuitive appeal but had less explanatory power are discuse
sed in the detatled weight analyses of each system.

After deter&intng the relevance of selected design and performance

tharacteristics to system or subsystem wetght, tnalyses were performed to
determine:

® The degree to which some characteristics of the helicopter are

related to weight gnd design and performance characteristics;

® Linearicy or non-linearity;
¢ Reliab’lity as measured by various statistical tests,

Configuration differences fnclude both single vs, tander rotor helicopters

and cargo vs, nou-<a) go models, for which Scparate equations might be ap-
propriate.

Differences within each characteristic were invescigated for statig-
tical signifi{cunce. For example, tests of significance were performed on the

influence of tandem configurations on tail structure weight, It was found
that tafl structure on tandem helicopters were on the average 111 pounds
Hghter than trend line estimates derived on the basis of single helicopters,

The slope of the tandem wodels can be hypothesized to be the same, although



the Intercept iy clearly different, Therefore, an adjostment (dunmy varfable)

of =111 pounds was Incorporated into the equation for tangen models,

Different configurations can also affect the slope of rhe WER, there~
by requiring separate equations for each configuration., For example, the
coefficivnts of ¢he varfous avionics equatfions are significantly different,
reflecting different mission requiremencs,

Data were cavefully serutindzed to determipe whether they indfcated
linear or non~1i{near relationship, When the plotted data revealed any aip-
nificant non=1inear trend, logarithmic transformat fons wvere determined, Only
two systems werpe found to have any Rigni(icantly ton-lincar trends, The non-
Linear trend 1ige for the taf} rotor £its the datg points better than its
linear counterpart throughout the relevane ranpe. A weaker but recognizable
logarithmic trend dlso appears in the clectrical svstem weipght, Linear equas=

tions were also derived for comparison.,

The applicat {on of logarithmie op exponent fal transformat fonsg should
be used carefully,  Suych transformations reduce the relative values of data
points at the higher ranges and f{ncrease the relative Importance of data
polnts near the origin on the sraph.  Only when a lincar representation is

clearly inferior should a logarithmic equation be derived,*

A common abuse of non-linear transformationy iy to achieve g3 (margin-
ally) higher correlation when no intuicive reason for {ts gse exists. For
exanple, the fuel subsystem's 1inear equation produces a correlation lower
than other equations, increaﬁing the temptation to explore non-lincar pos-
sibilities. The variance from the trend line clearly increases with the
stze of the tuet tunks, A vredistribution of the relative welghts through
logarithmic transformation reduces the relative variance of the larper tanks,
resulting in o slighely hipher correlation, but the function s essentially

Linear,

T e e et

A lopar {thmic équﬂtjon refers to the transformat jon of the data itself:
Ly = 2 4+ 4 e This ig distinct from g Huear equation plotted on double
Loy graph Paper, which {s also linear in appearance,

) 2-13
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Tests of Stpnificance

Alter determining how helicopters of various configuration related to
the assembled weight, design and performunce data, and whether the ¢zlght
estimating relationship was linear or non-linear in form, various statistical
tegts of significance were performed to assure the reliability of the WERs,
These {nclude: the "t" test, coefficient of determination and tests of co-

variance. They are discussed below.
"T" Test

The "t" test 1s a means of determining whether separate equations should
be used based on differing design or performance characteristics.* The greater
the differences between the slopes and intercepts of the equations, the greater

is the probability that the characteristics "explain" the differences.

The derived values for "t" can be compared with numerous benchmark
statistics based on tables of significance which are available in most sta-

tistical manuals, ¢.g., {n Wonnacott and Wonnacott, Introduccory Statistics,

* Intercepts:
a-a
£x?
2

t =

nIx

where, a = actual intercept for "standard" data points, excluding points
with differing characteristics
a = intercept for remaining data points, assuming same slope

£y% = oY = (@v)¥/n

ix? = 1x% = (%0
Zez = Zyz - bl)ix2
sz = Eez/(n-Z)
s =VIie ' /(n-2)
Slopes:
t oo -2z g,...
s/V Lx

where, b = slope for data points not possessing differing characteristic
B = slope for data points possessing characteristic

. 2 .
8 ana Lx~ as before



For quick reference, the resulting "t" statistic should be at least 2., This

is a "rule of thumb" measure of significance at a 95 percent level of con-
fidence., If the result is clearly less than 2, the above tests of significance
simply show that any difference in intercepts (a and a) or slope (b and B) of

a standard linear ecquation based on differiag configurations are due to the
random nature of the data points around the trend line rather than to the

different configurations themselves,

It should be noted that most differcnces due to configuration should be
obvious by inspection when plotted on a graph and that formal tests are gen-

erally not needed, unless significant doubt arises,

Coefficient of Determination

The most comprehensive measure of association between two or more vari-

ables is the coefficient of determination (rz), which is referred to as the

"correlation" between variables. It is the degrce to which variations in
the dependent variable, y (weight), can be explained by variations in the

explanatory variable(s), x's (design and/or performance characteristics).

Equivalently, it can be expressed as:

explained variations in y _ 1 - unexplained variations in y
total variations in y total variations in y

From the above equations, it can easily be inferred that the r2 must fall
betveen zero and one. The closer the data points are to the trend line, the

smaller the unexplained variation and the higher the rz.*

* The coefficient of correlatioa, r, is the square root of the coefficient
of determination and takes the sign of the slope of the trend line. For
all values between zero and one, the coefficient of correlation leads to
a more opulmistic measure of the power of the explanatory variable, which
is higher than the ratio of the explained to the total variation. The r?
is therefore a more conservative statistic and relates more directly to
the measure of reliability.

Many formulae exist for the computation of r2, but the most practical is
' 2
nLXY - LXEY )

<\/'(’£12x’- - X2 [ niy? - (I ?)

which can be computed directly from the raw data.

(continued)




Tests of Covariance

To the extent that additional independent variables reduce the unex-
plained variation in the dependent variable, the rz will improve, but this
depends on the correlation between the two explanatory variables (covari-
ance). The higher the correlation between them (rixxz)' the less likely
that the multiple correlation coefficient ri;x;'y will be significantly
larger than ri;y or rizy. For example5 the weight estimating relationship
for the instrument system ylelded an r® of ,7507 with horsepower, of ,7313
with design gross weight, and of .7253 with fuel capacity. Inclusior of
two or more variables raised the rz to only .7895. Covariance (rz) was very
high, e.g., .9266 between horsepower and fuel caparity, and .8405 beween

horsepower and design gross weight,

Many covariance rigures for the variables considered in deriving the
welght estimating relationships were too high (typically .8 or more) to
allow for multiple regression, On the other hand, some independent vari-
ables yielded a simple correlation coefficient so high (e.g., blade plan-.
form surface area in the main rotor equation) that the inclusion of other

variables would not have improved the fit,

Related to the problem of high correlation between estimators is the
"dominance" of one estimator over another in & multiple regression equation.
For example, the following WER was obtained for instrumentg: wlo = 48,279
+ .0278HPe - +0102G. The positive coefficient for horsepower (HPe) is, in
fact, close to that derived fo. the simple, single variable equation (.0267),

The same principle applies to multiple regression equations of the type
Yy=a+b1Xy +baXp 4+, ., + ann.

The general expression for the multiple correlation coefficient for two
independent variables, X; and Xz, is

r? 4 2 -2r r r
2 - X1Y X2, X1Y X2y X1X2
X1Xo*
1X2°y P
X1X2

Expressions for equations with three or nore independent variables become
more complex and are not presented here; their computation normally re-
quires a computer, Fortunately, none of the welpht estimating relation-
ships derived in this study has more than two estimators.
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but the fuel quantity coefficient is both negative and statistically insig-
nificat, which {s illogical. (The coefficient for a simple regression ig
actually +,181). The result arises from the superior rz of the weight with
respect to the horsepower (HPQ) (.7893) to that of the fuel quantity (G)
(+7253) and the high covariance (.9266) between the two estimators (HPc and
G). This 1is confirmed by the multiple correlation coefficlent (.7895) which
is practically identical to that of the horsepower alone. Statistically
speaking, the horsgepower estimator s clearly "robust" and can stand alone,

while the fuel quantity estimator adds practically nothing,

It 1s also possible that neither estimator completely dominates the
other, For example, another multiple regression was derived foir instruments:
wlo = 34,117 + .0159HPe + .oozzawg. Compared with the simple r2 with HPe
(.7507), the rz for W alone is fairly close: .7313. Furthermore, covari-
ance between HPe and gg is lower than in the previous case (.8405). As the
separate coefficients for HPe and wg for simple regressions are +,0267 and
+.00503 respectively, the inclusion of both explanatory variables into the
above multiple regression "weakens" their coefficients, However, they remain
positive, The multiple correlation coefficient is .7739 for this equation,

which is enly slightly above that for HPe alone.

In summary, weight estimating relationships using only one or two vari-
ables have been derived for all systems and subsystems considered. These
WERs have very high correlations and have passed rigorous statistical tests
of significance, in order to assure their validity and reliability., Equations
representing more than 85 percent of their MEW yield rzs of more than .90 and
only 9 percent of the MEW have t28 of less than .80, Due to their linear
strength and tendency towards covariance, most of the relationships are

linear and simple,

B, SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

The system level weight estimating relationships which have been
derived in accordance with the methodology discussed above are summarized

in Table 2.4, together with the r2 calculated for each, the approximate
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Table 2,4

SUIMARY OF HELICOPTER SYSTEM
WEIGHT ESTIMATING RELATIONSHIPS

System Equation rz IMEW Notes
1. Wing Ul = ~49,967 + .9708w + .0212W8 0.9385 <1
2. Rotor (Main) 17
Blades WZA = - 88,742 6.4038p1 0.9713
Hub & Hinge sz = ~105.943 + 5.7615pl 0.5626
Total w2 = ~134.685 + 12.1648pl 0.9774
3. Tail 1
Rotor n N3A = = 8.327 + 1,352 fn wg 0.9497
Wo, = =29,916 + 0102w 0.9180 Ale,
34 g
Structure W3B = ~17.872 + 2.8295tt + Kt 0.9178
4. Body WQ = ~269,023 + 2.3568b 0.9684 21
5. Alighting Gear W5 = 161.361+.0117W - 17.480Vss 0.8061 Skid
w5 ‘ 85.875-0-.0304!»1g 0.9218 Wheeled
WS - - 5.489-+.0342wg 0.9347 5 All
6. Nacelle w6 = ~64,779 + 2.4OISn 0.9050 1
7. Propulsion 31
Powerplant#* W7A = 304,483 + 1.027HPe 0.9549 Recip.,1 eny,
W7A = 211,546 + .229HPe 0.9817 Recip.,2 eny,
W7A = 130.243 + .369HPe 0.8263 Turbo.,! eng.
w7A = 408,198 + .192HPe 0.9176 Turbo.,2 eng.
Drive Systen W7B = -~ 35,551 + .101wg 0.9657
Fuel Tanks W7C =  10.974 + 790G 0.7732
8. Flight Controls w8 = 62,025 + .0334wg 0.9475 6

* Includes: Engine, air induction, exhaust and cooling, englne controls and start
system, )




Table 2.4 (Continued)

SUMMARY OF HELICOPTER SYSTEM
WEIGHT ESTIMATING RELATIONSHIPS

System Equation Y *MEW Notes
9. Auxiliary Power W9 = 157 — < 1 Constant
10. Instruments Ww = 50,507 + .0267HI‘e 0.7507 2
11. Hydraulics w“ = 15,890 + .ooaaawg 0.6574 <1
12, Pneumatics — 0
13. " Electrical in w“ = «903 + ,733 in Sb 0.8547 4
W,o = 139,947 + ,2348 0.8160 Alt.
13 b
l4. Avionics WM = 301,770 4 .0231Wg— «687R  0,8923 USN Trans &
WM = - 20.814 + .00739w8+ «585R 0,9177 3 4USA Trans 14
15. Furnishings and
Equipment w15 = -8,106 +.176SD+ 20.456(NP+NC) 0.9034 4
16. Air Conditioning 1
W = 23,844 + .0730S8 0.8172
17. Anti-Icing 16+17 b <1
18, Load and Handling

ww = -71.875+.111.1+ 3.489(Np+r\é) 0.7704 < |



Table 2,4 (Cortinued)

SYMBOLS USED IN WERs

Dv Dive velocity (mi/hr)
G Number of gallons
GBR Gear box ratio
HPe Engine horsepower
Kt Tandem constant for tail structure
LOLEO Oleo length (in)
Nc Number of crew
Np Number of passengears
OLTRV Oleo travel (in)
: R Range (mi)
. RPM Engine RPM
3 Sb Body surface area (ftz)
Sn Nacelle surface area (ftz)
Spl Blade planform surface areaz(ftz)
Stt Total tail surface ar;a (£t°)
Sw Wing surface area (ft”)
TRR Tail rotor radius (ft)
ff .8 Vehicle sink speed (ft/sec)
fﬁ wg Design gross weight (1b)
4
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percentage of manufacturer's empty weight they represent and notes related

to their limitations or use. The WERs included in Table 2.4 are the pre-
ferred relationships which were derived. They are discussed in detail in
Section 4, together with alternative WERs which were a8lso derived. The
alternative WERs may be more appropriate for special cases where, for example,
the characteristic(s) upon which the preferred WERs are based may be inap~
plicable,

C. EXAMPLE APPLICATIONS OF WEIGHT ESTIMATING RELATIONSHIPS

The WERs were applied to those helicopter models chosen to represent
a range of design gross weights, They are: Bell UH~-1H, 6,600 lbs.; Bell
UHX-43, 9,500 lbs.; and Boe.ag CH-474, 33,000 1bs. (The data base comprises
helicopter models ranging from 1,600 to 42,500 1bs, in design gross weight).

Because of the breadth of the data base (70 commercial and military
helicopter models and types), reliable design, performance and weight data
for other helicopters were generally unavailable. Therefore, two of the
models selected to test the WERs were taken from the data base, However,
the Bell experimental model (UHX-43) was not in the data base but had suf-
ficient data and performance criteria for the purpose and so it was chosen
to be tested,

Estimates were fairly close to the actual total weights for each model
tested. Large percentage variances sometimes occurred in small systems and
e€rrors as large as 80 percent were observed, These were due entirely to the
low correlations of those WERs (.63 - «80). Because the larger systems
{1.e., rotor, propulsion, body, etc.) had strong correlations, variances
between estimated and actual weights were small for them and tended to off-

set each other,

In general, WERs for the helicopter models tested ylelded estimates
within about 5 percent of the overall MEW, which implies strong correlations
at standard confidence levels,

The variables used in the calculations and the results for these three

helicopters are shown in Tables 2.5, 2.6, and 2.7,
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- Table 2.5
s Uli-1H WEIGHT ESTIMATE
Estimated Actual Percent
Equation Variables Used Weight Weight Difference
l. Wing »
2, Rotor(s) 5,1 " 76.9 741 742 - 0.3
3. Tail ( 106 ) ( 84 ) (+26.2)
Rotor Wg = 6,600 35 30 + 16.7
Structure See = 31.3 71 54 + 31.5
4. Body s, = 626 1,206 1,035 + 16,5
5. Alighting Gear wg = 6,600 134 121 + 10,7
Voo ™ 6.00
6, Nacelle 5, = 82,7 134 114 + 17.5
7. Propulsion : (1,332) (1,632 ) (= 18.4)
Powerplant HP = 1,103 523 683 - 23.4
Drive System wg = 6,600 631 658 - 4,1
n ‘ Fuel System ¢ = 211 178 291 - 38.8
8. Flight Controls Wg = 6,600 282 357 - 21.0
9, Auxiliary Power
10, Instyruments HPe = 1,103 80 59 + 35.6
11. Hydraulics wg = 6,600 45 _ 33 + 36.4
12. Pneuaatics
13. Electrical S, = 626 286 360 + 20.6
14. Avionics wg = 6,600 214 246 - 13.0
R = 318
15. Furnishings and
Equipment Sb = 626 368 408 - 9.8
Np +N, = 13
16, Air Conditioning}. Sb - 626 74 44 + 68.2
17. Anti Icing
18. Load and Handling
TCTAL 5,002 5,235 - 4.b
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Table 2.6

UHX~43 WEIGHT ESTIMATE

Estimated Actual Percent
Equation Variables Used Weight Weight Difference
1, Wing
2, Rotor(s) Spl = 97.4 990 927 + 6.8
3. Tail ( 129) ( 101) (+27.7)
Rotor wg = 9,500 ‘ 58 46 + 26,1
Structure stt” 31.5 71 55 + 29,1
4, Body S, = 493 893 1,032 - 13,5
5. Alighting Gear Vas = 8 133 119 + 11.8
wg = 9,500
6. Nacelle S, = 80 127 127 =0~
7. Propulsion ( 1,941 ) (1,779 ) (+ 9.1)
Powerplant HPe = 2,050 886 853 + 3,9
Drive System wg = 9,500 924 794 + 16,4
Fuel Tanks 131% 131
8. Flight Controls wg = 9,500 379 411 - 7.8
9. Auxiliary Power
10. Instruments HPe = 2,050 105 61 + 72,1
11. Hydraulics wg = 9,500 58 70 - 17,1
12. Pneumatics
13, Electrical Sb = 493 232 411 - 43,6
14, Avionics Wé = 9,500 225 227 - 0.9
R = 300
15, Furnishings and
Equipment S, = 493 386 383 + 0.8
Np + Nc = 15
16, Air Conditioning } 5, = 493 65 50 + 30.0
17. Anti-Icing
18. Load and Hapdling
TOTAL 5,663 5,697 - 0.6

* Actual fuel tank weight, No fuel capacity statistic available,
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Table 2.7

CH~47A WEIGHT ESTIMATE

2~24

Estimaced Actual Percent
Equation Variables Used Welght Weight Difference
1, Wing
2. Rotor(s) Spl = 136,5 2,932 2,996 - 2,1
3. Tail
Rotor
Structure
4. Body 5, = 2,150 4,796 4,487 + 6.9
5. Alighting Gear Wé = 33,000 1,089 1,086 + 0.3
6. Nacelle Sn = 108 195 176 + 10.8
7. Propulsion ( 5,052 ) ( 5,151 (- 1.9)
Powerplant HPe = 4,400 1,253 1,342 - 6,6
Drive System Ng = 33,000 3,298 3,531 - 6.6
Fuel Tanks G = 620 501 278 + 80.2
8. Flight Controls wg = 33,000 1,164 1,212 - 4.0
9, Auxiliary Power 157 99 + 58,6
10. Instruments HPe = 4,400 168 172 - 2.3
11, Hydraulics Wg = 33,000 163 212 - 23.1
12, Pneumatics
13, Electrical Sb = 2,150 643 555 + 15.9
14, Avionics Wg = 33,000 355 303 + 17,1
R = 225
15, Furnishings and
Equipment Sb= 2,150 1,004 866 + 25,4
Np +N, = 35
16, Air Conditioning 5, = 2,150 186 179 + 3.9
17. Anti-Icing
18. Load and Handling Sb = 2,150 289 258 + 12,0
Np + N, = 35
TOTAL 18,275 17,752 + 2.9



SECTION 3
SUMMARY OF COST ANALYSIS AND METRADOLOGY

lielicopter cost data were collected from a varfety of scurces and
recurring production cost estimating relationships (CER3) were developed
for the systems and subsystems llsted in Figure 1.1, The CERs are sum-
marized and the general assunptions made and analytical methedology followed
in developing them are discussed in this section, Relevant technical {n-
formation and the specific data and methodology used in developing each CER
are c¢iscussed in detail in Section S.

A, SUMMARY OF COST ESTIMATING RELATIONSHIPS

The recurring production cost estimating relationships developed
under this study are presented {n Table 3.1. These CERas represent the manu=-
facturer's in-house production costs and/or subcontractor prices assocfiated
with each helicopter system or suhsystem, Total in~house assembly costs are

estimated by a separate equation,®

Helicopter system costs were found to correlate reasonably well with
system weights as the independent variable and, as discussed in Sectfon 2,
the weight correlates well with a variety of design and performance char-
acteristics. Thus, correlation< with other technical and performance
characteristics in addition o weight were examined but did nog improve
the accuracy of veight alone., At later stages of design, other independent
varfables, such as perfornmance parameters, parts count and commonality,
might be included to improve the accuracy of the estimates, However, such
data are generally not available during concept formulation or the prelim-

inary design stage when use of this model {3 intended,

The equations in Table 3.1 represent desipns, technologies and manu-

facturing processes which are currently in use, They may not, for example,

*  These terms are discussed in Section 3D and defined in Appendix A,
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Table 1,1

SUMMARY OF
HELICOPTER SYSTEM COST ESTIMATING RELATIONSHIPS

(S¥Y77)
System Equat fons Notes
1. Wing | c, = 1019»:‘1’-8"‘“@‘0-23"
2. Rotor C, = ~12,938 + xO!H2Q-0.0740
3. Tail
A. Tail Rotor Cyp = 1023, 700740
B. Tafl Structure c38 - 759u268480’0~285
4. Body , = 860w, 0+848y-0.286
5. Alighting Gear
Total Wheeled cS - 84QSQ’0-2176
A. Structure CSA " 362w5AQ“0'286
B. Controls Cog * ISQRSBQ‘0-0896
C. Rolling Assembly CSC - 20wSCQ-0.0396
or, M
Total Skid Cg = ﬁ: c,
6. Nacelle G, = 8930+ 8484-0.286
7. Propulsion
A. Poverplant Cop = =17,709 + lZle7AQ‘O‘2345 Moo < 900 1bs
\ B, Drive C?B - =4795 + 207N7BQ~0.O?40 w7B <700 1bs
" Crp = -16,413 + “"’7“‘3-0'0740 My 2 1,800 Ihs
Cop = 19,940 + 8“*’73&‘"0‘0“0 A1l other 78
C.  Fuel C?C - S(‘)"‘?CQ_O.OMM
D, Other Cyp - 145”7DQ-0'0896

* Subsceripts refer to the numbers in the left hand column, For example,
U‘ = Wing Weight,
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Tabie 3.1 (Continued)

SUMMARY OF
HELICOPTER SYSTEM COST ESTIMATING RELATIONSHIPS
($FY77)
System Equation Noteco
8. Flight Controls C8 - 156w8Q~0‘0896
9. Auxiliary Power 09 = 234w9Q-0'0896
10, Instruments
~0.0896
Total Instruments C10 - IZSVIOQ
A, Equipment ClOA = 110w10
B. Instcllation, Misc. ClOB = IAOWLOBQ—O'ISA
~-0,0896
Il. Hydraulics Cll - 91wllq
"000896
12, Poneumatics C12 - 137w12Q
-0,0896
13. Electrical C13 - 143w13q
14, Avionics
-0.0896
Total Avionics Cl& = 6847 + IZSWIQQ 0.089
A, Equipment C14A = 13,693 + 110&1“‘A
B. Installation, Misc, CMB - l&OWlaBQ-O'ISQ
15. Furnishings & Equipment Ci5 = 69w15Q‘°'0896
16, Ar Conditioning & Heat C, = 208 0*0%%
g 17, Anti-Icing C,, = 213W Q‘°'°896
; 17 W 17
18
18. Load and Handling C18 = EZ~ Ca
E
18
- . -0,3959
19, In-House Assembly 019 - 50325[)4 Ci "LCJ]Q Single:
. i=l hj 3 = {5¢,7A,10,14
' 18 -0.3959
Cio = 10,7750 ¢C,-8¢C,|Q Tandem:
\ 19 1 J
& - 3 j = {5¢,74,10,14,

Where: C = Cumulative average cost for Q units in constant 1977 dollars.
W = Weipht of system or subsystem,
Q = Production quantity,

3-3



accurately represent new technologies where weight would be significantly
reduced while unit cost would change little, Therefore, if the user is
interested in assessing new technologies or manufacturing processes, he
is advised to consider carefully the detailed discussions of the data and

development of the equations which are provided in Section S.

The approximate percentage of total cost and total weight contributed
by each system is indicated in Table 3.2. Although these are approximate
and may vary significantly for specific designs, they provide an {indication
as to the relative cost and weight of the various systems and, also, as to
which systems tend to be more costly on a per pound basis, The rank of

each system is shown in parentheses next to the percentage.

B, SOURCES CF COST DATA

In order to develop the CERs which were summarized in Table 3.1, a

variety of potentlal sources of cost data were used.,

2
A key source of cost data was The Helicopter Cost Data Source Book(‘)

which was prepared by SAI for the Cost Analysis Improvement Group (CAIG),
Office of the Secretary of Defense (PASE), and drew upon data provided direct-
1y by the DoD, U.S. Army Aviation Systems Command (AAVSCOM) and helicopter
manufacturers. This report provides extensive and highly detailed contract
cost and quantity information for sixteen different helicopter series pro-
duced by five contractors. Such informatinn was invaluable in the develop-
ment of CERs for the rotor, propulsion (engine and drive), instruments and
avionics systems and in the establishment of baseline costs against which

all CERs could be compared. However, because these data are proprictary,

they arc presented and discussed only in general terms so that this report

may be distributed without restriction.

Another important source of cost data was subcontractors, who supply
major portions of the completed helicopter. Although subcontractors typi-

cally would not.provide detailed selling prices* for specific items, most

* The subcontractor's "price' is the manufacturer's "cost."

3-4



Table 3,2

HELICOPTER SYSTFMS®
APPROXIMATE COST AND WEIGHT PERCENTAGES

Approximate Approximate
Percent of Percent of
System ??M* Rank Costr* Rank
Wing < 1% (13) < I% (14)
Rotor 17 (3) 12 (3)
Tail 1 (10) 1 (12)
Body 21 2) 21 (2)
Alighting Gear 5 (5) 2 (9)
Nacelle 1 (10) 3 @)
Propulsinn 31 (1) 32 (1)
Flight Controls 6 (%) 10 (4)
Auxiliary Power Plant <1 (13) 1 (12)
Instruments 2 (9 2 9
Hydraulics <1 (13) <1 (14)
Pneumatics 0 (18) 0 (18)
Electrical 4 (6) 4 (6)
Avionics 3 (8) 5 (5)
Furnishings & Equipment 4 (6) 3 (7)
Aflr Conditioning & Heat 1 (1) 2 (9)
Anti-Icing <1 (13) <1 (14)
Load and Handling <1 (13) f_l_ (14)
100% 100%

* These percentages are based on military helicopters. For commercial heli-
copters, the furnishings and equipment percentages would probably increase
and avionics would probably decrcase with the other systems percentages re-
waining more or less constant,

** Excluding {a-house assembly,
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were willing to discuss price in terms generally similar to those quoted
during preliminary marketing discussions, since they recognized that such
prices do not differ markedly from those of their competition., This co~
operation provided an understanding of the factors which influence the

prices of major subsystems and components,

The following points characterize data furnished by the subcontrac~
tors:

® Prices were provided for both commercial and military heli-

copter systems and, when appropriate, explanations were pro-
vided for any differences,

® Prices were provided in 1977 dollars; this eliminated the

necessity for application of potentially erroneous inflation
factors,

® Explanations were provided concerning how price would normally
be expected to vary if changes in design, performance or reli-

ability were specified or if a4 new technology were introduced.

® Examples were provided regarding the various conditions which
influenced prices. These include quantities purchased under
a particular contract, inflation, the need to be competitive
to win a particular procurement, and the relationships estab-

lished in former dealings with customers,

While most of the information provided by major subcontracteors did
not consist of actual prices for specific subsystems or compencnts, the
price information which was provided was considered to be representative
and accurate enough for the objective of this study. Furthermore, the
explanations provided were very useful in relating the costs of major com-
ponents and subassemblies to total system costs, Thus, cost estimating
releotionships based on a detailed understanding of the helicopter systems
could be develoqed with the use of this subcontractor information to com=

plement and supplement that obtained from other sources,
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Technical reports were found which provided general information such
a3 the percentage of total cost typically represented by a particular 8ys=-
tem or cost element, This information was used for Comparison with data

obtained from other 80UrCes,

Finally, the earlier SAI report (l)provided extensive detailed cost
information on major subsystems and components, This information for
transport alrcraft served as the basis for some of the helicopter system
CERs after analysis and/or discussions with industry personnel confirmed
the validity of so doing.

Ce BASES FOR COST ESTIMATING RELATIONSHIPS

The CERs summarized in Table 3.1 were developed using parametric
analysis and analogies based on information provided by subcontractors or
similarities with transport aircrafte counterparts, or a combination of

these methods, as appropriate,

Parametric analysis generally involved the correlation of detailed
historical cost data with welght ond other independent variables., When
statistically significant results were obtained, these equations became
the bases for the cost estimating relationships. If sufficient detailed
historical cost data were not available, the information provided by sub-
contractors served as the basis for developing the CERs. 1If such data
were not available, data for one or several components or subsystems which
are similar or analogous to the components or subsystems of interest were
used. Sometimes, complexity factors were applied to the analogous data
in order to adjust for v .aown differences, In many cases, more than one
~ of these methods were used to develop the final CERg and to evaluate their
validity.

Regardless of the source of the cost data or the methodology used to
develop the CERs, it was essential that the data be normalized to assure
that all reported costs were comparable, Thus, the data were analyzed to

determine the following:
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® That they reflected the same cogt elements so that, for example,
Research and Development and Engineering and Tooling costs were
not amortized in one while being omitted from another and so

that profit was not included in some and excluded from ochers,

® The quantity produced was considered so that adjustments for

learning could be made.

e The years during which the items were produced were considered

so that adjustments for inflation could be made,

Inflation and "learning" are two factors frequently cited as influ-
encing»cost. Inflation is simply an increase in the volume of money rel-
ative to available goods, which results in a substantial rise in the general
price level, Under inflation, an item will cost more to produce tomorrow

than it does today, using the same mix of material, capital and labor.

For many years, the industry has made use of what have variously been
called "learning," "progress," "improvement," or "experience" curves to
predict reductions in cost as the number of items produced increases. The
learning process is a phenomenon which prevails in many industries; its
existence has been verified by empirical data and controlled tests. Al-
though there are several hypothesee on the exact manner in which the learning
or cost reduction occurs, the basis of learning~-curve theory is that each
time the total quantity of items produced doubles, the cost per item is re-
duced to some constant percentage of the previous cost. Alternative forms
of the theory refer to the incremental (unit) cost of producing an item at
a given quantity or to the average cost of producing all items up to a given
quantity, For example, if the cost of producing the 200th unit of an item
ig 80 percent of the cost of producing the 100th item, and if the cost of
the 400th unit 1s 80 percent of the cost of the 200th, and so forth, the
production process is said to follow an 80 percent unit learning curve, If
the average cost of producing all 200 units is 80 percent of the average
cost of producing the first 100 units, the process follows an 80 percent
cumulative average learning curve. Either formulation of the theory results

in a power function which is linear on logarithmic grids,
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Although reference is frequently made to a learning curve as some
specified percent for a helicopter, it must be recognized that this is a
composite of many different learning curves, For example, fabrication
labor, minor assembly labor, major assembly labor, material and subco 1=

trac:or or vendor supplicd items may all have different learning curves,

Learning 1s largely a function of the relative proportions of hand
labor and machinery included in the manufacturing process for a particular
system. Thus, separate learning curves have been included in each CER so
that systems which are primarily manufactured by machinery (e.g., rotors
and drives) have relatively flat learning curve slopes, while systems
with a large amount of hand labor (e.g., wings, tail and body) have rela-

tively steep slopes,

In summary, inflation acts to increase cost while learning acts to
reduce cost. Even though these factors are not related and function inde-
penderitly of one another, their combined effect wust be considered by the
analyst attempting to make extrapolations from ceported cost data, There=-
fore, the available cost data were first normalized to represent the cumu-
lative average recurring production cost for the first 100 units (CACIOO)
in 1977 fiscal year dollars ($FY77). This was accomplished as follows:

® Non-recurring costs were identified and removed from the data;

in many cases, consultations with helicopter manufacturers
assisted in this task.

® Cumulative average cost for 100 units was calculated by com-
puting the average cost for the helicopter lot midpoint nearest

100 units and then estimating the CAClOO by using the equation:
CAC, .0 = CAC_ x Q0 ~ x Q"™
100 y * W00 ¥ &

Where: y = a number near 100 units for which the CAC could
be calculated
Q = quantity

‘n = the observed learning curve coefficient (%gg—%)

® Reported costs were escalated to $FY77 by using indices provided
by AAVSCOM or by DoD, as appropriate.
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When onily subcontractor—supplied information was available, it was
carefully analyzed together with technical apg berfarmance data and cost
estimates were derived for the various componentg and subassemblies, Sys-
tem level cogt estimates were developed by aggregating cost estimates for
the major components and subassemblieg based on tpa relative welghts of
the componentsg and subassemblies, in accordance with the following equation:

C/W_ =g ﬁl (C./u,)
s s ws 1"7q

Where: = cost

c

W= weight
5 = system
i

= each major component or subassembly

For example:

Major Component Component Percent of
or Subassemblx Total System Weight Cost Per Pound
A 25% $ 50
B 65 150
£ A9 —2
Total Systen 100 $ 113

relationship.

D, DISCUSSION oF COST ELEMENTS

The recurring production costs estimated by the CERg which were supm-
marized and discussed ip general terms above Tepresent only g portion of the
manufacturer's total recurring production cost. This may best be understood
by referring to 4 typical breakout of recurring helicopter costs such ag
that shown in Figure 3,1, The system level CrRe reflect only those costs
included under in~house production ang subcontractor costs; to%al in-house

assembly costs are estimated by a Separate CER,
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Figure 3.1

RECURRING PRODUCTION COST ELEMENTS
FOR HELICOPTERS

Cost Element*

In-House Production
Fabrication
Sustaining Engineering
Sustaining Tooling
Raw Material

Subcontractor
Outside Production
Purchased Equipment

In~House Assembly
Quality Control
Minor Agsembly
Major Assembly
Sectional Assembly
Installation and Checkout

Miscellaneous

*

See Appendix A for cost element descriptions., The cost elements include
direct and indirect costs, Lirect costs are those which can be identified
with a particular output objective, such as a specific aircraft, Indirect
costs are those which are incurred for common or joint objectives and must,
therefore, be shared in some equitable manner. Indirect costs are often
synonymcus with overhead and general and administrative (G&A) costs, For
a thorcugh discussion of indirect costs, sgee: Martinson, Major Otto B,,

A Standard Classification System for the Indirect Costs of Defense Con~
tractors in the Aircraft Industry, U.S. Government Printing Office, 1969.
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Although CERs for some systems were based on in~house Production costs
while CERs for other systems were based on subcontractor costs,‘the actual
Source of the systems' costs should not significantly alter the CER. A
helicopter is composed of parts produced by the helicopter manufacturer
and by subcontractors and assembled by the manufacturer or, conversely,
the manufacturer could conceivably produce all of the parts, Thus, the
assumption is made that the aircraft manufacturer's "make or buy decision"
1s based Primarily on lowest cost. Therefore, the subcontraztor costs should
closely reflect the manufacturer costs for producing a similar item.

The remaining costs are called "in-housge assembly” and are the costs
of integrating the various major components and subassemblies into a com-
plete helicopter, readv to be delivered, Thus, 1n order to arrive at the
total recurring helicopter production cost, in-house assembly costs must
be added to the system costs estimated using the system level CERs summarized
in Table 3.1. A factor for estimating these costs was developed by applying
the system level CERs to actual system weights of seversl helicopters for
which aggregate cost data were available.(z) The difference between the
actual cost and the estimated cost was assumed to represent the cost of
assembly, The recuits were generally consistent, although observed dif-
ferences could have been a function of errors in the system level CERs for
of differences among assemoly costs for different helicopter manufacturers

or models,

Thus, by applying the system level CERs and adding the portion esti-
mated for in-house assembly, the total cost of a helicopter is estimated,
Unless exceptions are noted, these estimates should be appropriate for either
military or commercial helicopters, since their recurring production costs
are quite similar, It is, however, important to note that sales price may
differ markedly because of different strategies. Commercial prices are
generally relatively constant (except for inflation) so that the manufac-
turer "loses money" until after it passes the breakeven point, after which
profits are realized, Military sales usually reflect cost to a much greater

extent; even fixed price contracts typically decrease annually, which reflects



learning, Thus, to use thisg model in a market analysis, a profit (say, of

10 percent) needs. to be assumed for military helicopters and a breakeven

estimating relationships is an important 1ssue, This is, 1in fact, an issue

which 1g frequently overlooked or ignored in cost analysis studies, One

of determination is an indicator of the explained variation from the total
variation and, thereby, Provides a measure of "the validity of the CERs
derived. It does not, however, provide any indication of the quantity or
of the perceived completeness or accuracy of the data base, Further, no
comparable measures of validity are avallable for the CERs developed by
analogy or from 8eneral data provided by manufacturers, Therefore, "con-
fidence values'' were developed to Indicate the perceived quality of the duta
used in developing the CERs., These confldence values are defined in Table
3.3. They should be useful in indicating areas where potent.al errors might

occur in applying the CERs or where further study could be warranted,

Table 3.4 lists the confidence valuegs assigned to each of the cost
estimating relationships summarized in Table 3.1, Confidence values were
calculated by Prorating values assigned to major components and subassem—
blies in welghting them according to the following equation:

c
Ly

c. i
S

Vo =1L
1

Where: V = confidence value
C

= cost

w
[}

system

i = each major component or subassembly
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Table 3.3

BASIS FOR ATTRIBUTING CONFIDENCE VALUES
TO COST ESTIMATING RELATIONSHIPS

Sovrie of Data

Extensive detailed costs available and
accuracy confirmed by industry expert(s)

Estimate provided by industry expert(s)
and verified by some actual data

Similar estimate provided by at least two
industry experts or reported actual costs

Estimate provided by one industry expert
only

Estimate based on one reported actual cost

Estimate based on judgment using data for
similar item as basis for extrapolation

Other assumption

3-14

Confidence in CER
Reliab.lity and Validity

9.5 - 10
9 - 9‘5
8§ -9
6 - 8
5 - 7
3 - 6
0 - 3



Table 3.4

SUMMARY OF CONFIDENCE VALUES
FOR COST ESTIMATING RELATIONSHIPS

System Confidence Value
. VWing 8.0
2. Rotor 9.5
3. Tail
A. Tail Rotor 5.0

Be Tail Structure
4, Body 8,0

5. Alighting Gear

A. Structure 8.0

B. Controls 8,0

C. Rolling Assembly 8.0

or,

D. Skids 3.0
6. Nacelle 8.0

7« Propulsion

A, Powerplant 8.0

B. Drive _ 9.0

i C. Fuel 4,0
{ D, Other 4.0
P 8. Flight Controls 4,7
9. Auxiliary Power 6.0

) 10.  Instruments

¥ A.  Equipment 5.0
Be Other . 6.0

11, Hydraulics 6.5

12, Pneumatics 3.5



Table 3.4 (Continued)

SIMMARY OF CONFIDENCE VALUES
FOR COST ESTIMATING RELATIONSHIPS

System Confidence Value
13, Electrical 8.0

14, Avionilcs

A.  FEquipment 8.0

Be Other 6.0
I5. Furnishings & Equipment 5.7
16, Afr Conditioning & Hest 6.0
17, Anti-Icing 3.0
18, Lead and Handling 6.0
19, In-House Assembly 8.0

Total* 1.9

g e

*  The total confidence value shown i{s a weipghted average based on the esti-
mated percentage of the total cost for each of the helicopter systems
p!‘"‘:vhh‘\l iu Table 3.2.
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Contidence values are ordinal numbers which reflect the relative cone
fidence attributed to each cosnt estimating relationship. They range from
a high of 10 to a low of 0. In other words, a CER for which a conftdence
value of 7,0 hag been given is based on data which {3 assumed to be more
reliable than one vith a 6,0 vating and less reliable than one with an 8,0

rating.

Bach CER represents a best efforts  Although CERs with low confidence
vitlues might be improved with the availability of wore complete information,
it {x i{mportant to note that, in many canes, CERs with relatively low con-
fideace values represent an tustgnificant portion of the total cost and,
theretore, warrant no further effort to validate or fmprove them unless

these systems becone of specific interest,

F. EXAMPLE APPLICATIONS OF COST ESTIMATING RELATIONSHIPS

Cost estimates were made tor the CH=34A, CH=47A and CH-53A using the
equatfons in Table 3,1, The results are presented in Tobles 3,5, 3.6 and

3.7, respectively.

The actual costs showm are exclusive of profit and were adjusted tor
ntlation, quantity and minor weight differences, The reported actual costs
fncluded fn-house assembly but excluded the rolling assembly, powerplant,
fnstruments and avionics, (Estimates for these ltems are shown sepavately;
actuals were not available for comparison), When estimated costs were com=
parcd with actual costz at this level, {t was found that the CH-53A wasn
under-estimated by 8 percent while the CH-34A and CHA7A were over-estimated
by § and 9 percent, respectively,  This accuracy should be acceptable for
the purpose for which these CERs were {ntended: f.e., to provide rapld,

system level estimates of the cost of conceptual destipns,

Furthermore, these examples are felt to provide a strong test of the
model because of the diverse nature of the three helicopters, as {ndicated

by the following:

e MEW of the three helicoptervs ranped trom about 6,800 to 23,000

pounda;



*  Remainder of System included under "Other,' below.
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Table 3.5
CH-34A COST ESTIMATE
(CAClOO in §FY?77)
Cost Cost Per
System Welght _(5000) Pound
. Wing 0 0 -
2, Rotor 1,313 81.4 62
3. Tail ( 260) ( 22.5) ( 87)
Rotor 74 5.4 73
Structure 186 17.1 92
4. Body 1,044 83,6 80
5. Alighting Gear* ( 357) ( 35.1) ( 98)
Structure 309 30.0 97
Controls 48 5.1 106
6. Nacelle 150 16.8 112
7. Propulsion* ( 1,452) ( 97.7) (67
Drive 1,091 84,3 77
Fuel 361 13,4 37
8. Flight Controls 378 39,0 103
9. Auxiliary Power 0 0 -
11, Hydraulics 26 1.6 62
12, Pneumatics 0 0 -
13, Electrical 327 31.0 95
15. Furnishings & Equipment 189 8.6 46
16, Alr Condicvioning 72 9.9 138
S 17. Anti-Icing 0 0 -
. 18. Load and Handling 3 0.2 67
% Subtotal 5,571 427.4 77
b
% 19, In-House Assembly - 366.9 =
g Total 5,571 794.3 143
Estimated CAC100 3 794.3 , Lot
Actual CACIOO 784.5 *
Other
5. Alighting Gear ( 118) ( 1.6) ( 14)
Rolling Assembly 118 1.6 14
7. Propulsion (1,737) (701,4) (404)
Powerplant 1,737 701.4 404
10, Instruments ( 108) ( 10.3) ( 95)
Equipment 76 8.4 111
Installation, Miscellaneous 32 1.9 59
14, Avionics ( 269) ( 39.3) (146)
Equipment 188 34,4 183
Installation, Miscellaneous 81 4.9 60
Total Other 2,232 752.6 337
! Total MEW 7,803 1,546.9 198



Table
CH=47A CUOST ESTIMATE

1.6

((’.I\CloO fn SFY77)
Cost Cout Per
—_— System Medght L8000 _Pound
e Wing 0 0 -
2. Rotor 2,996 201,11 68
3. Tafil 0 0 -
Rotor
Structure
4o Body 4,487 288,0 64
5S¢ Alfphting Geavk ( 8 ( 76,6) ¢ 98)
Structure 68t 60,0 97
Controls 101 10,6 10%
6. Nacelle 170 19,2 109
7. Propulsion* ( 3,809) ( 0.0 (53
Drive AP RY 192.0 54
Fucel 278 10,3 37
R, Flight Controls 1,212 29.1 103
9. Auxiliary Power 99 15,3 155
Il.  Hydraulies 22 12,8 60
12 Pocumat {es 0 QO -
13, Electrical 599 525 95
15 Furanishings & Equipment ot .6 40
log  Afr Conditiontug 145 20,0
Ve Anti-Icing 34 4.8 141
I8, Load and Handting 258 to,0 b
Subtotal 15,014 1,075.9 oY
19, To-House Assembly - 1,8 .7 L
Total 15,611 2,047.6 189
Al-.'.t:al:m;‘n,cd1('.-:\(.10(1 2,947,6 L od
Actuatl Cr\Ulnn 2,699,5 *
Other
5. Aliphting Cear ¢ 304 { 4.0) SN )]
Rolling Assembly 304 4.0 13
7o Propulston (G SRR AR (SRR V) (o)
Powerplant 1, e Y17.,9 atl
1O, Instvament s ( (WA ( 15,9 (9
Evuipment 3 | A 1o
Dnstal latfon, Miscellanvous Y4 L) EN)
Tae  Aviontes ¢ WY CA) CLA0)
Equipment 22 7.0 175
nstallatfon, Miscellaneous A R Lo
Total Other AN A 00, 3 283
Total Miw 17,752 Vohai 0 200
* T Remainder of Svstem tnctuded under "Gther," below,
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Table 3.7

CH-53A COST ESTIMATE
(CAC100 in SFY77)

* Remainder of System included under "Other," below,

3-20

Cost Cost Per
System Weipht _(5000) Pound
1. Wing 0 o ~-
2. Rotor 4,489 309.5 69
3. Tail ( 673) ( 352.7) ( 78)
Rotor 367 26,6 72
Structure 306 26,1 85
4. Body 5,260 329.5 63
5. Alighting Cear* { 174) ( 76.0) ( 98)
Structure 657 63.7 97
Controls 117 12.3 105
6. Nacelle 394 38.0 96
7. Propulsion* ( 4,295) ( 228.8) ( 53)
Drive 3,919 214.9 55
Fuel 376 13.9 37
8. Flight Controls ' 1,168 120.6 103
9. Auxiliary Power 211 32,7 155
11. Hydraulics 132 8.0 61
12,  Pneumatics 0 1] -
13. Electrical 601 56.9 95
15. Furnishings & Equipment 1,289 58.9 46
16. Atr Conditioning 234 32,2 138
17. Anti-Ycing 77 10.9 142
18. Load and Handling 439 27.5 63
Subtotal 20,036 1,382,2 69
19.  In-House Assembly - 1,189,1 -
5 Total 20,036 2,571.3 128
fﬁ Estimated CAC, o _ 2,571.3 _ 0.9
. Actual CAC100 2,787,3
Other
F-” 5. Alighting Gear ( 265) (  3.2) ( 13)
ol Rolling Assembly 245 3.2 13
R 7. Propulsion ( 1,762) ( 711.8) (404)
4 Powerplant 1,762 711,8 404
3! 10. Instruments (  395) (  36.6) ( 93)
.y Equipment 257 28.3 110
0 Installation, Miscellzneous 138 8.3 60
é 4. Avionics ( 659) ( 73,5 (112)
: Equipment 406 58,4 144
; Installation, Miscellaneous 253 15.1 60
Total Other 3,061 825.2 270
Total MEW 23,097 3,396.5 147



e One design (the CH~47A) 13 a tandem;

e Two manufacturers are represented (Sikorsky built the CH-34A and
CH~53A, and Boeing Vertol built the CH-47A).

Finally, it is interesting to note ‘hat the model responded well to
design differences, as the total estimated costs per pound range from $147
to $200.
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SECTION 4
DETAILED SYSTEM WEIGHT ANALYSES

This section provides a detailed discussion of each welight estimating
relationship (WER) which was summarized in Table 2.4, Specifically, the
items included in each system are described, the design and/or performance
characteristics which were examined in arriving at the best correlation
with weight are discussed, and alternative WERs are provided. Data which
were considered in deriving the WERs are presented in tabular form. Also,
where appropriate, the WERs are presented graphically, together with the

data points used.

CRERS
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A, WING, TAIL, BODY AND NACELLE SYSTEMS

The structural systems (wing, tail, body and nacelle) are considered

together because they have similar designs and use similar materials and

methods of fabricationm.

D S N
T g

Wing System Description

Helicopters typically do not utilize wings, although some more recent
designs have incorporated small wing stubs to improve aerodynamic character~

istics or to carry wilitary stores. Unlike the wings on fixed wing aircraft,
helicopter Wings generally include only a simple box structure and do not
normally have control surfaces. Therefore, they do not have to accommodate
flight controls, hydraulic items or fuel systems. They may serve as fairings

or wheel wells for retracting landing gear.

Weight Estimating Rclationship

Weights and related information for winged helicopters included in the
data base are provided in Table 4.1.

Two explanatory variables, design gross weight (wg) and wing surface
area (Sw)' are included in weight estimating relationships for the wings.
The WER is:

Equation r2

W, = -49,967 + .970S_+ .0212W_ 0.9385
1 w 8

The covariance for the two independent variables is low (r2 = 0,5881). Sur-
prisingly, design gross weight is a more reliable estimator than wing surface
area. An equation using the design gross weight as the only variable provides
an r2 of 0,8775: W, = -99.418 + .0309wg. Similarly, an equation using sur-

1
face area as the variable ylelds an r2 of only 0,7689: W, = 136.416 + 2.2118w.

1
Other variables which were investigated, especially dive velocity (VD),

14 were found to have no explanatory power.

The reliability of design gross weight as an estimator compared to

wing surface area should be treated with caution in view of the small number

gi 4-2




Table 4,1

WING SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

DESIGN WING
GROSS SURFACE DIVE
WING WEIGHT AREA VELOCITY
MODEL wl AMEW Hg sw Dv
269A
Ol-6A
TH-57A
OH-58A
OH-23C¢
OH-13S
BO105
286
UH~1H
H~52A
UH~-19D
UH-2B
AH-16C 240 3.5 10,000 59 210
UH-2D
YAH-64 252 3.2 13,950 71 204
CH-34A
CH~-21C
YUH~63 349 3.6 15,645 54 218
YUH~61A
S YUH-60A
= SH-34
i S-67 453 3.
AH-56A 539 4
CH-46F
CH-47A
CH-54A
* CH-37A 621 2.9 30,342
YH-16A
CH-53A
347

9 17,300 98
o5 18,300 195

Others

AH-1G 122
AH-56 404

6,600 28 210
16,995 130

w N
*
& b

* Not used 1in developing WER




of winged helicopters: The data included only seven helicopters with MEWs
between 6,000 and 13,000 pounds. Therefore, both variables should be in-

cluded until there is a greater sample of winged models,

Because there are few data points and two independent variables, the

wing WER 18 not presented graphically.

Tall System Description

A tail system may not be present on all helicopters, since tandem
designs do not necessarily require a tail. The usual taill system includes
all the aerodynamic surfaces and the mounts for the tail rotor. The heli-
copter tail is a simple structure similar to the wing structure in that
control surfaces are not usually incorporated. The tail rotor and the main
rotor are defined similarl -,

Weight Estimating Relatfonships

Weights for the tail structure, tail rotor and their total are sum-
marized in Table 4.2, together with relevant characteristics.

Tail Structure

A single WER was developed for the tail structure, encompassing both
single and tandem helicopters. It ia:

_ Equation r2 Notes
W3B = ~17,.872 + 2.8295tt + Kt 0.9178 Single: Kt - 0
Tandem: Kt = ~111,1

A reasonable fit using the combined areas of horizontal and vertical
tail surface area was achieved. With the exception of the CH~34A and CH-37A,
the single helicopters, including the larger ones, were fairly close to the
trend line.

The three tandem models for which data were available were signif-
icantly lighter than the single helicopters by an average of 111.1 pounds,
This is denoted by Kt' As the three tandem models are clustered closely

44



Table 4.2
TAIL SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA
DESIGN TAIL MAIN TAIL NUMI
. GROSS SURFACE ROTOR ROTOR 04
TATl, ROTOR STRUCTURE WEIGHT AREA CON- RADIUS BLAI
MODEL Wa o ommew ¥1p e See  FIG** ppp N
269A 9 1.0 5 4 1,600 4.1
OH-~6A 23 1.9 7 16 2,400 12,3 2,1 :
TH-57A 34 2,2 8 26 2,900 19.9 2.6 :
OH-58A 32 2.1 10 22 3,000 18.6 2.6 ‘
* OH-23C 21 1.1 17 4 2,800 2.8 :
OH-138 17 0.9 8 9 2,850 8.7 2.9 ‘
BO105 56 2.4 22 34 4,630 19,2 3.1 ‘
286 69 2.3 29 40 4,700 19,1 3.3 ‘
UH~-1H 84 1.6 30 54 6,600 31.3 4.3 ‘
H-52A 106 1.9 53 53 7,500 37.0 4.4 ‘
UH-19D 101 1.8 60 41 7,100 23.8 4.4 :
UH-2B 96 1.6 68 28 7,378 15.0 4,0 :
L AH-16C 151 2.2 73 78 10,9000 29.0 5.1 :
7 UH-2D 216 2.8 104 112 10,187 49.0 4,0 {
L YAH-64 237 3.0 85 152 13,950 66.4 4,2 ¢
L CH-34A 260 3.3 74 186 11,867 75.3 4,8 ¢
d CH-21C 162 1.8 162 13,300 101.0 T
5 YUH-63 184 1.9 84 100 15,645 57.3 4,8 :
3 YUH-61A 344 3.5 76 268 15,313 78.3 5.0 4
o YUH-60A 346 3.t 105 241 16,250 106.4 545 ‘
SH-3A 222 1.9 99 123 18,064 46,7 5.0 :
$-67 468 4,0 103 365 17,300 120.0 5.2 .
AH-56A 287 2.4 130 157 18,300 56.4 5.0 ‘
CH-46F T
CH-474A T
CH-54A 519 2.7 360 159 38,000 42,7 8.0 ‘
CH-37A 570 2.7 345 225 30,342 112.0 7.5 ‘
YH-16A 133 0.6 133 34,000 100,0 T
CH-53A 673 2,9 367 306 33,500 93.4 8.0
247 T
Others
OH~4A 18 11 7 2,900 7.9 2.6
S H~43B 136 136 6,418 87.8 T
ja * Not used in developing WER.
*% Single main rotor unless designated T = Tandem,
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together without a well-defined slope of their own, it can be hypothesized

that their slope is similar to single medels.

The only other variable considered was design gross weight, but its
rz is only 0.5506 and adds nothing to the explanatory power of total surface

area.

The WERs for tail structure are presented graphically in Figure 4.1,

together with the data from which they were derived.

Igil Rotor

Two WERs were developed for the tail rotor to meet the needs of the

users

Equation rz
n w3A =« 8,327 + 1,352 &n wg 0.9497
W,, = -29.916 + .0l102W 0.9180
3A g

The log-linear relationship is the stronger and ylelds positive values for
all tail rotor and gross weight combinations. Due to the small size of tail
rotor blades and lack of data for most helicopters, a usable planform area
statistic equivalent to that of the main rotor could not be derived. Another
possible derived statistic (tail rotor radius multipliod by the number of
blades) yields an rz of 0.89 in log-linear form, but high covariance with
design gross weight prevents it from adding any cxplanatory power. As in

the case of the main rotor, which will be discussed later, separate equa-
tions derived by grouping according to the number of blades add no additional

information.

The linear equation has a large negative intercept in relation to the
design gross weight coefficient, and yields negative values for models with
design gross weights of less than 3,200 pounds. Lt can, however, be aggre-
gated with other systems for future investigation (e.g., all structure sys-

tems as a group).

Both the linecar and logarithmic tail rotor WERs and the data from which

they were derived are presented graphically in Figure ho2,

bt
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Bodv System Description

The body system consists of the fuselage shell structure, door and
vindow frames, doors, windows, floors, bulkheads, cockpit windshield, and
radome, Door actuation mechanisms, airstairs (when installed) and loading

ramps are also included.

Body system weights and surface areas ave provided in Table 4.3 for
helicopters included in the data base.

Weight Estimiting Relationship

The following WER was obtatned for helicopter bhodies:

Equation rz

W4 = 209,023 + 2.3565b 0.9684

Variances from the trend line due to body configurations (glass sur=-
face area, doors, armor plate for attack mcdelg, etc.) and other performance -
characteristics (e.g., number of passengers) are not statistically significant
and add nothing to the rz. Total body surface area is by far the most reli-
able explanatory variable for body weight, The lb/ft2 ratio is fairly con-
stant throughout the range of helicopters at approximately 2.2, but declines
slightly for the smaller models to about 2.05 due to thinner fuselage struc-

ture,

The body WER is presented graphica.ly, together with the data from

which it was derived, in Figure 4.3,

Nacelle System Description

The nacelle system includes the engine mount, firewall and cowl struc~
ture, engine air inlet, oil cooler scoop and miscellancous installation hard-

wWare,

Nacelle system weights and related characteristics are presented in

Table 4.4,



Table .3

BODY SYSTEM WELCHT, PERFORMANCE AND DESIGN DATA

BODY
SURFACE
BODY AREA

MODEL_ W, IMEW Sb

* 209\ 125 12.7
OH=-6A 242 20,1 208
TH=-ST7A 135 2.8 244
OH=58A 332 21.5

* Ol-2 30 248 13.0
Oll-138 a2 11,5 121
BOTOS 472 20,2 277
AT 496 16,6 2062
Lil~1IH 1,035 19,8 626
H=52A 1,263 2.0 849
UH=19D 989 10,9 640
LH-28 1,259 21.3 609
All=1oG 1,327 19,2 469
I 1,394 18.3 738
YAl I, 311 lol.7 606
CH= 34N 1,044 13,4 817
Cli=2'¢ 1,88% 20,0 1,180
Yil-e3 1,726 17.7 623
YUl=o 1A 1,048 1o,8 757
YUH-60A 1,729 lo.9 805
SH=3A 2,009 17.5 1,112
§-0/ 1,695 Lagd 943
Al 0 1,872 15.5 847
G-t 3, 126 23,5 1,452
LH=ATA 4,487 25,3 2,150
Cl=54A 2,685 4.0 1,199
CH=-37 3,247 153 1,553
Ylil=la) 5,424 23,49 1,300
CH=1 30 5, 260 22.8 2,202
347 6,259 25,2 2,587
Ofhers
[RITEA 3n 243
t=4 3% BRIV R W86

» *ONot used in o developing WER,
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* %

MODEL

2697
QH=6A
TU=5TA
OH-58A
OH=230
0il-1138
BOTOD
280
Uil=-1H
H="2A
Ui-190
UH-78
Af-lou
UH=-2D
YAH~04
CH= 350\
ci-21c
YUH=63
YUli-61A
YUH~00A
SH- 1A
K=r?
All=%047
Cll- ot
Clima7A
CH=5%4A
CH=-17A
Yit=16A
CH=53A

347
Others

OR=-A9A
ti=-258
H-4 3B
Alt--1a
U= IN
AHESEN

Table 4.9

NACELLE SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

NACELLE

w(J ZMEW
7 0.7
8 0.7
32 2.1
36 2.3
79 4.1
37 1.9
25 1.1
12 0.4
114 2.2
63 I.1
147 2.5
161 2.7
180 2,6
371 4.9
123 1.6
150 1.8
&9 1.0
252 2.6
210 2.1
155 1.5
131 I.1
156 1.3
231 1.9
71 0.5
176 1.0
66 0.3
1,008 Sed
119 0.5
394 1.7
191 0.8

2h

ot

749
147 2.6
197 3.3
203 3.2

*ooNot used in developing WER.

4+ Etoweine Types: 1 - Reciprocating

NACELLE
SURFACE
AREA

S

108,0

178,0
108,0

29,0
104.0
104.2
117.0

2 = Turboshaft,

4-12

NUMBER
ENGINE OF
TYPEY  ENGINES

1 1
2 1
2 1
2 !
1 1
1 1
1 2
2 |
2 1
2 1
1 1
2 1
2 1
2 2
2 2
1 )
) .
2 2
2 2
1 2
2 2
1 2
2 !
2 :
2 2
2 2
1 2
2 2
2 2
2 2
t

2 1
2 1
2 2
2 2



Weight Estimatine Relationship

The fcllowing WER was derived for the nacelle:

Equation rz Notes

w6 - «064,779 + 2.6015n 0.9050 External, body-mounted
. without armor

Surface area is the only reliable estimator for nacelle weight, Models
which have their nacellee located iu the fuselage (including all the recip-
rocating-engine helicopters in the sample) have surface areas and weighte
which are insignificant and, thercfore, were not included in the sample. The
advanced attack and UTTAS models, whose nacelle weights are generally higher
due to armor~-plating provided for protection against small-arms fire, and
one model (the CH-37A) in which the engine 1s located on the wing, were also
excluded. As there is no significant difference between one~ and two-engine

models, all the helicopters included can be repregsented by one equation.

Analysis indicated that no other variable adds any explanatory power
to the equation,

The WER for the nacelle is illustrated in Figure 4,4, together with
the data from which it was derived.
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B,.' ROTOR SYSTEM

Rotor System Description

The rotor system consists of the blade assembly and the hub and hinge
assembly, The blade assembly includes the interspace structure, leading
and trailing edges, tips (if not integral), balance weights, and mounting
lardware and blade foldings. The hub and hinge assembly includes the yoke,
universal joints, shafting between the rotor system and the drive box,
spacers and bushings, lubrication system, fittings, pins, drag brace, reten-

tion strap assembly, and fasteners and miscellaneous hardware.

WERs were developed for the complete rotor system and for the blade

and hub and hinge assemblies separately.

Welght Estimating Relaticnships

Welghts for the blade and hub and hinge assemblies and for the com-
plete main rotor are presented in Table 4.5, together with other related

information for helicopters included in the data base.

The following WERs were obtained for the main rotor system:

Equation r2 Notes
wz = ~194,685 + 12.1648pl 0.9774 Total rotor
w2A = - 88,742 + 6.4038pl 0.9713 Blade assembly
wZB = ~105.943 + 5.7618pl 0.9626 Hub and hinge

The blade planform surface area (Spl) is the most convenient variable for
this system. It is determined by the multiplication of three components:
blade length,* blade chord, and number of blades (per hub), Due to high
covariance between blade length and chord, and to low correlation between
weight and number of blades, a multiple regression with separate coeffi-

clents for each Spl component does not improve the fit significantly. There

* Blade length is shorter than blade radius, which is the distance from
hub center to blade tip.



Table 4,5

ROTOR SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

PLANFORM MAIN

BLADE HUB & SURFACE ROTOR NUMBER (
ROTOR* ASSEMBLY HINGE* AREA CON- BLADES
MODEL 2 pEN 24 Y28 So1 FIG.**  TYPEX** N
2694 115 11.7 66 49 20,1 A 3
OH-6A 174 14,5 109 65 26.0 A 4
TH-57A 277 18,0 187 %0 31.9 T* 2
Ol-584A 281  18.2 190 91 33.9 T! 2
i OH=-23CG 311 16.3 163 148 32.2 T 2
v OH-138 284 14,7 182 102 32.5 T 2
BO10S 462 19.7 264 198 45,6 R 4
286 726 24,4 427 299 68.3 ‘ R 4
UH-1H 742 14,2 406 336 76.9 T! 2
H-52A 785 14,1 425 360 92.5 A 3
UH-19D 786  13.5 422 364 92,5 A 3
UH-2B 1,329 22.5 720 609 124,2 A 4
All-16C 1,400 20.3 675 725 111.4 T 2
Uti=-2D 1,325 17.4 720 605 124,8 A 4
YAH-64 1,207 15.4 664 543 150.0 A 4
CH-34A 1,313 16.8 652 661 129.1 A 4
CH-21C 672 14.7 339 333 76,3 T A 3
YUH-63 1,656 17,0 979 677 174.9 T! 2
YUH-6)A 1,645 16,7 1,052 593 145.1 R 4
YUH-60A 1,558 15.3 809 749 160.0 A 4
SH~3A 2,328% 20.3 1,012 1,316% 186.3 A 5
$-67 2,348 20,0 1,039 1,309 186.3 A 5
AU=56A 2,372 19.6 1,239 1,133 184.,0 R 4
CH-46F 1,212% 18,2 459 753% 93,1 T A 3
Cl=47A 1,498 16.9 805 693 136.5 T A 3
CH-5%A 4,052 21,1 2,115 1,937 315.7 A 6
Cl-37A 3,251  15.3 1,749 1,502 272.6 A 5
YH-16A 2,268 20.0 1,099 1,169 244.6 T A 3
CH-53A 4,489*% 19.4 2,12¢ 2,369 348.7 A 6
347 2,527 20,4 - 1,370 1,157 225,2 T A 4
Others
‘ OH=4A 250 ’ 157 93 28.8 T 2
UH-258 273 135 137 52,8 T A 3
H~-438 422 351 71 61.3 T T! 2
CH-53E 6,164% 19.8 2,922 3,242% 451.8 A 7
é *  Weights include blade foldings; modecls with foldings (designated *) were
i normalized by excluding folding weights when calculating WERs.
L% ** Single main rotor unless desigrated T = Tandem; note that weights and WERs
£ for tandem models are for one rotor only.
k%% A = Articulated; R = Rigid; T'= Tectering.
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were no significant differences between rotor type (articulated, teetering,

rigid) in determining weight estimates, or between simple and tandem models.

i ,g The WER for the main rotor is iilustrated in Figure 4.5, together
b with the data from which it was derived,

4
]

4~17




o v

o5

Figure 4

n

N

400

0

30

WER

IN ROTOR

Ly

200

0

10




C. ALIGHTING GEAR SYSTEM

Alighting Cear System Description

A AN

Helicopters have two general types of alighting gears. Smaller heli-
copters (under about 3,000 pounds MEW) usually have skids which are fixed
runners and which support the airframe on landing. Larger helicopters
generally have fixed wheel-type alighting gears to cnable them to be towed
on the ground and to take off non-vertically. This system includes landing
gear structvre, which is made up of struts, side and drag braces, trunnions
and attachment fittings. The alighting gear controls include components

for braking, steering and retraction (on a few newer models), They also

include lines from the cockpit controls to the landing gears. The rolling
assembly includes wheels, brakes and tires.

Weight Estimating Relationships

Weights and design characteristics of the helicopter alighting gears
included in the data base are provided in Table 4.6,

Separate WERs were derived for skid and wheeled alighting gears:

Equation r2 Notes
NS = 161.361 + .0117wg - 17.480VSs 0.8061 Skid
ws = 85,875 + .0304wg 0.9218 Wheeled
WS = - 5,489 + .0342wg 0.9347 All

;ﬁs Wheeled gears were reliably estimated by design gross weight, Other

pertinent performance criteris (vehicle sink speed--vss-—oleo travel and
oleo length) added nothing to the explained variation of designed gross
weight., Nor was there any statistical difference between the various sub-
types of wheeled gears (conventional, tail, etc.) or between the locations

of gears (fuselage, wing, etc,)

Skid~type gears are placed on small helicopters whose MEW does not
exceed about 5,000 pounds. Unlike wheeled gears, a second performance

characteristic, VSS, improves the r2 for skid gears significantly, A
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Table 4.6

ALIGHTING GEAR SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

* Not used in developing WER.,

t Not used in developing skid WER.

4~20

DESIGN  VEHICLE
ALIGHTING GROSS SINK o OLEO OLEO

GEAR WEIGKT ~ SPEED ¥ TRAVEL ~ LENGIH
MODEL Ws  amEw Ve Vss  CEAR OLTRV _ _ LOLEO
269 53 s.4 1,600 8,00  Skid 3.5
OH-6A 70 5.8 2,400 6,00  Skid 3.3
TH-574 45 3,0 2,900 8,00  skid
OH=-58A 35 2.6 3,000 8,00  Skid
0li=23G 88 4.6 2,800 Skid
OH-135 55 2.8 2,850 8,00  skid
BO105 % 4.0 4,630 8,25  skid
286 142 4.8 4,700 6,00  Skid
UH~ 111 121 2.3 6,600  6.00  Skid
1~52A 485 8.7 7,500 8,00  Roll 14,0
UH-19D 287 5.0 7,100 10,00  Roll 10.6
UH-2B U3 5.8 7,378 10.00  Roll 3.5 47.0
A-16C 1346 1.9 10,000 8,00  Skid
UH-2D 426 5.6 10,187 8,00  Roll 2.2 47.0
YAH-64 396 5.0 13,950  10.00  Roll 16.7 74.0
CH-34A 475 6.1 11,867  8.00  Roll 11.0
ch-21C 522 5.7 13,300 8,00  Roll 11.3 80.0
YOU-63 497 5.1 15,645 10,00  Roll 14,0 48.3
YUH-61A 500 5.1 15,313 12,00  Roll 30,0 76,9
YUH-60A 659 6.4 16,250 10,00  Roll 13.0 71,0
SH-3A 748 6.5 18,064 8,00  Roll 12.0 37.4
5-67 656 5.6 17,300 8,00  Roll 12.0
AU=56A 653 5.4 18,300  10.00  Roll 11.2 55.3
CH-46F 591 4.4 20,800 8,00  Roll 11.0 45.0
CH-47A 1,086 6.1 33,000 8,00  Roll 9.2 61.6
CH-54A 1,794 9.3 38,000 8,00  Roll
CU-37A 983 4.6 30,342 8,00  Roll 13.5
YH-16A 1,244 5.5 34,000 8,00  Roll 12,9 32,0
CH-53A 1,015 4.4 33,500 8,00  Roll 12,0 35.5
347 L1l 4.5 42,500 8,00  Roll 11.7 65.6
Orhers
Olt=4A 43 2,900 Skid
U-258 185 5,750 Roll
H~43B 6,418 5,50  Roll 9.0 23.0



— - —

simple regression for skid landing gears on Bross welght would be: US -
IO.SSZ + .0186wg. This gives an rz of only 0.5660, but adding V88 raises
the r“ to 0.8061. Due to the narrow range of £ross welght for skid-tvpe

helicopters and to the low rz, its slope and intercept cannot be regarded
3s statistically distinct from the vwheeled equation, Therefore, both the
skid-type and the wheeled models can be represented adequately by the

overall equation. vss adds nothing to this equation,

The combined WER is illustrated in Figure 4.6, together with the
data from which it was developed,



-4
[ :
= 1
sm :
g oy
~r -
o © i
w o o
b R {

O b
ol = v
e T !
O :
4 1
-3 1
< -3
o

[Ta

3o

W (lbs)

srancedonas

4.

i

i
i

4

—mewbonen




Ty

b, PROPULSTON SYSTEM

Propulsion System Descript fon

The propulsion syatem tocludes theee mailn subrystemst  the power-

plant, the drive, and the fuel sveaten,  he powcrplant subzvatewn iocludes

the dry engine, residuatl €lulds and tnstallation hardware as well as reo-
lated components:  starter, alr {nductor, exhavwt and coaling ftems, lubri-
vatlen svatems and the enpfne controls,  The drive subsyatem fncludes the
pear speed reducers, teansmission Jdrive, rotar biake and saaft, and lube
pysitems The fuel subayslem includes the fuel 111 and draln system, fuel

distribution svstem, furl vent plombing and fuel tanks,

Separate WER2 were developed for cach of these subuyatoms,

Welpitt Ext fmating Relat{onshins

Welphts of cach of the mafn propulsion subsvstems are presented in

Table 4,7, topether with relevant performance and desipn chavacteristics

faor thase helicopters tncluded in our data base,

Power P H Nt

Heltcopters were grouped according to the type {(reciprocat ing and
turbashaft) and aumber {(aingle or twin) or eogines, (o order to achieve
satisfactory resulta. Welpht for helleopters in cach grouping was then

correlated with seversl tndependent variables, As indicated by the following

WERs, enpine horsepower was found to provide the bhest estimates of power

plant welght:

\ " Fguat ion -_Jt{__ Nates
: w?A w J0G 483 + l.UJ?HPv 0,9539 Reciprocating, I euptine
' Moo w 211546 4 L22NE . 0,9817  Reetprocatiog, 2 ensines
N?A = 130243 + .iuHHPc V.8 01 Turboshatt, 1 engine
W « 403,198 + .IQBHPO 0,970 Turboshaft, 2 enpines
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* Not used in developing WER,

PROPULSN
MODEL ”7
J09A 503 S5t.1
Ol=-6A 341 28.3
TH=STA 396 25.8
OH=-587 419 27.1
OH-230 771 40,5
OH=-138 845 43.4
BO105 804 34,3
286 865 29.0
Ul-1H 1,632 31,2
H=-52A 1,115 20.0
UH=-19D 2,525 43,3
UH=-2B 1,467 24.8
AR-16C 1,912 27.7
UH-2D 2,365 31,0
YAH=64 2,687 34,2
CH-1344 3,189 40.9
CH=21¢C 3,371 36.8
YUH-63 3,020 31.0
YUH-61A 2,767 28.2
YUH-60A 2,730 26,7
SH=3A 2,724 23,8
§~67 3,466 29,4
AH=56A 2,895 24,0
Cll=46F 3,235 24.3
CH=47A 5,151 29.0
CH-54A 6,857 35.7
Ci-37a 8,419 39.6
YH-16A 7,822 34.5
CH=-53A 6,057 26,2
347 6,881 27,7
Others
OH=-4A 390
Ut-258 1,667
H-43B 1,542

Table 4,7

POWER-
PLANT

w?A

PROPULSION SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

DRIVE

w?B

336
192
194
165
551
588
348
369
683
360
1,244
635
835
805
1,089
1,737
1,809
1,093
831
862
701
941

969 *

951
1,342
2,185

5,516 *
3,706 *

1,762
1,741

199
1,020

697 *

142
113
176
215
198
155
395
440
658
621
1,064
733
825
1,361
1,101
1,091
1,393
1,523
1,576
1,405
1,763
2,123
1,680
2,010
3,531
3,797
2,567
3,679
3,919
3,796

159
587
730



Table 4.7 (Continued)
PROPULSION SYSTEM WEIGHT, PERFORMANCE AND DESICGN DATA
DESIGN
‘o GEAR
e g oz o

EP W QUANTITY ENGINE OF ENGINE RATLIO
_MODEL e 2 G TYPEY ENGIKES RPM GBR
269A 180 1,600 1 1 2,900 6.01
OH-6A 250 2,400 62 2 1 6,180 12.80
TH-57A 317 2,900 18 2 1 36,050 101,73
OH--58A 317 3,000 73 2 1 36,050 101.73
OH-=23G 305 2,800 46 1 1 3,200 8.66
OH-138 260 2,850 1 1 3,200 9.00
BO10S 600 4,630 154 1 2 6,000 14,10
286 550 4,700 82 2 1 6,230 17.55
UH-1H 1,103 6,600 211 2 1 21,189 67.50
H=-52A 1,050 7,500 325 2 1 18,970 89,50
UH-19D 800 7,100 175 1 1 2,400 11.31
Un-28 1,250 7,378 2 1 19,500 70.41
All-16C 2,050 10,000 2 1 14,500 49,00
UH-2D 2,500 10,187 276 2 2 6,000 20.80
YAH=-64 3,000 13,950 353 2 2 20,000 69,77
Cli=34A 1,525 11,867 263 1 1 2,500 11.31
CH~21¢C 1,425 13,300 300 1 1 2,700 9.71
YUH~63 3,000 15,645 343 2 2 20,000 72,406
YUH-61A 3,000 15,313 352 2 2 20,000 67.60
YUH=-00A 3,036 16,250 343 1 2 20,000 76,04
SH-3A 2,500 18,064 2 2 18,966 93,46
S=-u7 3,000 17,300 1 2 19,700 93.46
AH=56A 3,925 18,300 438 2 1 13,600 55,30
CH=46F 2,600 20,800 380 2 2 19,500 73.77
Cl-47A 4,400 33,000 620 2 2 14,750 66,00
CH-54A 9,600 38,000 1,342 2 2 9,000 48,54
Cl-37A 4,200 30,342 410 1 2 2,600 14.01
YH~16A 3,600 34,000 700 2 2 6,400 97.61
CH=-53A 5,700 33,500 638 2 2 13,600 73.51
347 7,500 42,500 1,200 2 2 15,690 64,00
Others
OH=4A 250 2,900 2 1 36,050 15.21
UH-25B 525 5,750 1 1
H~438 860 6,418 2 1 6,680 28,41

t  Engine Types: 1 - Reciprocating; 2 = Turboshaft.
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The WERs are presented graphically together with the data from which

they were derived in Figure 4.7,

Although design gross weight gave rzs similar to those obtained using
engine horsepower for single engine helicopters, engine horsepower was
found to be much better for two-engine models, especially for turboshaft
models. Due to high covariance, neither weight nor any other related
characteristic (e.g., engine RPM, gear-box ratio) improved the coefficient
of variation sfgnificantly. Both engine horsepower and design gross weight
yielded significantlv different slopes for single engine, reciprocating

models, making a single equation for all categories Inappropriate,

Separate equations for engines and powerplant residual (air induction,

exhaust and cooling, engine controls, starter system) were also obtained.

For the engines, the following WERs were derived:

Equation rz Notes
H7A, = 243,592 + .796nPe 0.9492 Reciprocating, 1 engine
W7A. a 161.776 + .192HPe 0.922% Reciprocating, 2 engines
W ™ 98.120 + .2/03dPe 0.8458  Turboshaft, 1 engine
N7A. = 249,094 + .l79HPe 0.9540  Turboshaft, 2 engines

As engines comprise 75 to 80 percent of the powerplant, the WERs are com-
parable. Correlations are also similar., As with the entire powerplant,

engine correlations were lower for gross weight and RPM for all model types.,

Separate equations for the powerplant residual were harder to derive,

but workable WERs for single engine models were obtained:

Equation r2 Notes
N7A" = 60,891 + .230HPe 0.7854  Reciprocating, ! engine
\\'7A.. = 32,123 + .lZ()HPc 0.5853 Turboshaft, 1 engine

WERs for two-engine models could not be derived due to lack of correlation
with any relevant performance characteristic. Nonetheless, the following

constants were calculated:
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Standard

Weight Estimate Deviatjon Notes
W7A" = 141 125 Reciprocating, 2 engines
W7A" = 241 65 Turboshaft, 2 engines

In general, Suparate equations for engines and powerplant residuals do not
improve the estimates,

Drive

A single WER was found to be appropriate for al) drive systems:

Equation r2

Wog = =35.551 + ,101w 0.9657
B g

Design gross weight is the best explanatory variable for this sub-
system, yielding a high rz. Engine horsepower did not have as high a co-
efficient of determination in any category (tvpe of engine, number of
engines, etc,) but was a fairly good estimator, with rzs ranging from 0.70
for two-engine, turboshaft models to 0.93 for turboshaft, single engine
models. Results for RPM and gear-box ratio were highly erratic, The rzs

for the variables considered are summarized below:

Number Design  Engine Gear  Number

of Gross Horse Box HC 1in

Type Enpines Weight Power RPM Ratio  Sample
Recip. 1 « 9055 +8636 6777 ¢5369 6
Recip, 2 8814 .8192 8146 <9540 3
Turbo, 1 «9713 «9270 « 1681 .0001 11
Turbo, 2 «9359 «7008 « 1459 1104 10

Gross weight is the best estimator. As the differences 1in slopes and inter-
cepts of each case above are statistically insignificant, an overall equa-
tion for the drive system is dppropriate, as indicated above. Separate
equations for the other performance characteristics vary widely and yield

weak overall results when comb fned,
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The drive system WER and the data upon which it is based are presented
in Figure 4.8.

Fuel System

The following WER was derived for fuel systems:

Equation r2

N7C = 10.974 + ,790G 0.7732
Fuel capacity (gallons) is the only candidate variable with an acceptable
correlation. Number of tanks was also considered separately. Some dif-
ferences were detected between protected aud unprotected tanks, but separate
equations for tanks alone had weak correlations (0.5 to 0.6). Also, tarks

comprise only a fraction (25 to 30 percent) of the fuel system, which further

dilutes the importance of tank proctection as a variable., It is suggested
that weights of fuel systems wiﬁh protected (unprotected) tanks be raised
(lowered) by a factor of 0,25, Many models have both types of tanks, and
their weight estimates should be adjusted accordingly.

The fuel system WER and the data upon which it is based are presented
in Figure 4.9,
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E. FLIGHT CONTROLS SYSTEM

Flight Controls System Description

The helicopter flight controls system includes: cabin controls (cyclic
control column, collective pitch levers and rudder or tail rotor pedal);
mechanical operating mechanism (swash plate, stabilizing bar, linkages, bear-
ings and levers, bellcranks); hydraulic controls; fluid; and miscellaneods‘

hardware.

Weight Estimating Relationship

Weights and related information for the flight controls system are
provided in Table 4.8.

Design gross weight is the only reliable estimator for flight controls
weight, The WER 1is presented below: '

Equation rz

Wg = 62,025 + .0334Wg 0.9475

Even though flight controls are strongly related to the main rotor
function, rotor characteristics add no additional explanatory power to
the equation; varying rotor types (hingeless, articulating, etc.) make no

statistical difference.

Weights for the tandem models are consistently higher than for the
overall trend line by about 55 pounds, but this is not significant in view
of the average flight control weight (535 pounds) and standard deviation
(373 pounds). The actual tandem weights would fall well within any standard
confidence intervals. Similarly, data for UTTAS and AAR models (weakly)
suggest higher welghts than those predicted by the equation; the differences

are, however, not significant,

Finally, the presence of wings (as a flight control device) is not sig-
nificant., Although one might expect flight controls weights to be affected

by wings, models with wings appear on both sides of the trend line,

The WER and the data from wnich it was derived are presented in Figure
4,10,
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H Table 4.8
FLIGHT CONTROLS SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

DESIGN
FLIGHT GROSS
CONTROLS WEIGHT R}:)"‘TIO);
W W
MODEL _ 8 TMEW g TYPEY _TANDEM  WING
269A 51 5.2 1,600 1
CH-6A 65 5.4 2,400 1
TH-57A 133 8.7 2,900 2
OH-58A 125 8.1 3,000 2
OH-23G 108 5.7 2,800 2
OH-13$ 153 7.9 2,850 2
BO105 189 8.1 4,630 4
286 327 11.0 4,700 3
=8 UH-1H 357 6.8 6,600 1
f"qi H-52A 353 6.3 7,500 1
& UH-19D 164 2,8 7,100 '
B UH-2B 301 5.1 7,378 L
= AH-16C 469 6.8 10,000 2 w
} i? UH~2D 300 3.9 : 10,187 1
iyj YAH-64 419 5.3 13,950 1 "
e CH-344A 378 4,8 11,867 1
Cli-21cC 561 6.1 13,300 1 T
YUH-63 596 6.1 15,645 2 L
YUH-61A 721 7.3 15,313 4
YUH-60A 694 8,2 16,250 1
SH-3A 654 5.7 18,064 1
S-67 780 6.6 17,300 1 W
* AH-56A 1,021 8.5 18,300 3 W
L CH-46F 828 6.2 20,800 1 T
o CH-47A4 1,212 6.8 33,000 1 T
CH-54A 1,161 6.0 38,000 1
CH-37A 965 4.5 30,342 1
YH-16A 1,239 5.5 34,000 1 T
CH-53A 1,168 5.1 33,500 1
* 347 1,921 7.7 42,500 1 T
Others
AH-56 735 6.2 16,995 3 L}
* Not used in developing WER,
+ Rotor Types: 1 = Articulating; 2 - Teetering; 3 - Rigid; 4 ~ Semi~Rigid,
4-33
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¥o INTECRATED PNELMATIC SYSTEM

}ntevrﬁted Pooumatic Syetea Draccoipting

Integrated pneumatic system (IPY) fa 5 term often applied to the
coebined auxiliary power, pneunatfc, aty conditiocning, end anti-icing
systeas, Although these systesz are fveated aeparately in Hilitary Stan=-
dard 1374A {except for the pneumatic systes, which io combined with the
hydravlic synten), eapufacturcre and thelir msjor subcontractors consider

them as part of a single syvstem becaupe of thelr cozmonality.

Ruefehte and desfgn characterinatica ste presented in Table 4.9 for
the auxiliary power system. The air condftioning and anti-icing aystess

are presented in Tadble &,10,

Auxfliary Power System Degeription

The auxiliary power systea supplies all power for ground cperations
in licu of grownd nupport equipment, These pperations include: cabin
pround sir conditioning, engine starting, and driving & generator for

electric powar.

Wefpht Futinaring Relationship

The WER provided for aux{liary power systems is simply based on the

gverage welght obmerved for those helicopters which utilize them, It is:

Eﬂuation

Hg = {57

As {ndicated, the average auxiliary power system weight for the ten heli-
copters* nn which {t is fncluded is 137 pounda, with a stendard deviaticn
of only 1% pounds. Thus, an average value can be assigned to the system with

falrly high confidence.

* The helicopters have a desicn gross vefpht or aver 13,000 pounds, with an

averapge of approximately 14,730 pounds,
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Table 4.9

AUXILL.RY POWERPLANT SYSTEM WEIGHT, PERFORMAKCE AND DESICR DATA

MODEL

JO9A
[HEXTRN
TH=57A
Oll= 4987
(LI
O~ 13w
RO10S
JHD
Ui=1H
H-52A
lig-1an
UH=-28
:\il“l(){:
U=
AT
Chi~ 344
CH=21C
Yit-63
YiH-01A
YUH=60J)\
SH-JA
Swte?
Ail=567
ClH=S0F
Cii=47A
Cl=h%44A
ClH-17A
YH-106A
Cl-53A
347

AUXTLIARY
POWER~
PLANT

Yy

135

137
193
194
136
106

99
183

211
1717
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ey
X .

697
[S$HEXIVN
TU-STA
Qll=54A
Oi= Y3
M-1135
BOiOS
He
U=y
He52A
Ul-19D
UH-28
A= 16C¢
UH=-2D
YA-64
Cl=24A
CH=21¢
YUH=-63
YUH=-61A
YUH-60A
SH=-3A
Getr]
AH=504
CH=S6F
CH~47A
CH-544A
CH-37A
YH-16A
CH-S3A
347

Table 4,10

AIR CONDITIOMING AND ANVI-ICIKC SYSTEMS
WEIGHT, PERFORMANCE AND DESICN DATA

* Not used in developing WER,
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AlR
CONDI~ ANT!-
TIONING ICINKG
“16 IHFW "17 MEW Jlu+l7
1l 1.1 It
9 0.7 1 0.t 10
27 1.8 2?7
25 l.& 25
4 0,2 4
40 2.1 40
14 0.5 14
44 0.8 44
88 i.0 9 0.2 97
17 1.3 77
25 0.4 56 0.9 81
76 .1 76
35 0.5 33 0.4 68
99 1.3 S 0.1 104
72 0.9 72
137 1.5 137
98 1.0 6 0.1 104
78 0.8 33 0.3 111
58 0.6 28 0.3 86
86 0.8 23 0,2 109
126 1.1 126
75 0.6 42 0.3 117
127 1.0 130 1.0 257
145 0.8 34 0.2 179
94 0.5 20 0.1 114
176 0.9 176
165 0.7 165
234 1.0 17 0.3 311
155 0.6 47 0.2 202

e 5 WA T

BODY
SURFACE
AREA

S

05
244
2417

121
217
262
626
849
640
609
469
738
606
817
1,180
623
757
805
1,112
943
847
1,452
2,150
1,199
1,553
2,300
2,262
2,587
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An attempt to Jevelop an equation ueing regressaion gnalysis waa unsuc~-
vessful,  For example, an equation obtsined using design gross weight as an
1
flodependent varfable (l-'Ea = 1,B.40 + .GUO?S&HR) had an r° of oaly 0.0411.

Fneumatfe Svatem Dewcription

Curiously, none of the helicopter weight statements examined {ndicated

the extptence of a poeumatic avstem. Thua, the follovwing deacriprion im for

fined wing afrceralt but should be applicable (o helicopter deaigns which
might incorperate a pacumatic syatem,

The prneumal {c system facludes all heat oxchangers and decting, whics
carries prensirized alr from cach of the maln engines and {rom the auxilfiary

power unit (APU}, The pacumatic eyslem provides compreased air for cahin

prensurizarion, air conditioning and ventilation, engine starcing, fve pre-

vention and turbine—driven supplementary or emergency hydraulic power.
Becayne of the complete absence of data, a WER was not derived for

the poneumatlc systes,

Alr Cordltiontng and Anti-Icing Svstems Drscription

The «lr conditioning system, in addition to supplylng conditioned atr

to tiie cabln, heats the cargo compartment and supplies conditioned air for
avienic and electrical load center cooling,

Anti={cing functions can be performed elther by hot bleed alr or by

Bleed air aystens fnclude all ducting from the maln pneu-

electrical heat,
Electrical

matfc scurce and inner skins, which form the hot alr cavities.

systems faclude the electrical blankets fastened to the outer surfaces of

ceritical ttems, pluy all wiring and controls,

Welpht Fatimaring Relarionship

The air conditioning and anti-icing systems were combined to develop
4 oweipht estimating relationship becauae the combination yiclded subatan—

tlally better results, The combined WER ig:
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Fquat {on r2

- 2 3
“16+17 28.B44 4+ .07305b 0.8172

Total body surface area is the hest indcpendent variable for estimating
the combined weight of the alr conditioning and anti-icing systems. The
function {s strongly linear; logarithmic transformatfons of the data result

in lower correlations.,

The other variable considered was desipn gross weight, which resulted
{n the following equation: 16+l7 = 28,442 + OOL)&U + The rz was 0.7785
and was not improved by use of a logarithmic equation with the design gross
welght varfable., Deepite the high correlation, design groas weight as a
second independent variable raises the rz only to 0.8394, because of its
high covariance with body surface area (0,82,

The following results were obtained for the air conditioning systen
when it was considered independently: 16 = 22.078 4 .06985 and wl6
23.358 + .00397wg. st of 0.7593 and 0.6855, respectively, were cnlculateg
for these ¢quations, As in the case of tha electrical system, the lower r
with deslg; groes weight for both wl6+l7 and wl6 18 due to the wide variance

for models over 20,000 pounds.

A separate equation for anti-icing systems in unobtainable due to the
lack of significant slope and correlation with any relevant explanatory vari-
able. For example, Hl7 = 19,938 + .000837w has an r2 of only 0.0908. An
attempt to represent the anti-icing as a constant wag not successful because
of its large standard deviation (33.17 pounds) relative to ita average weight
(36.27 pounds). As anti-icing weight statistics are almost random in nature,

they could be easily integrated with air conditioning weights without loss of
explanatory power,

The combined air conditioning/anti—icing WER 1is presented graphically
in Figure 4,11,
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Figure 4,11
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G. INSTRUMENTS AND AVIONICS SYSTEMS

Although they are separate systems, instruments and avionics are dis-
cussed together because they have many similarities in terms of the nature

of the compoaents they employ.

Instruments System Description

Instruments perform basic wonitoring and warning functions associated
with the flight of the helicopter: electrical, hydraulic and pneumatic

systems operation, engine operation and fuel quantity., The instruments

system includes cockpit indicators and warning lights, transducers, signal

RO

inputs, circultry, and the monitoring devices,

Weight Estimating Relationship

Weights and related design characteristics for the instruments system
are provided in Table 4,11,

L N e R SIS

Several variables related to instrument system weight were analyzed,

Engine horsepower and fuel capacity were considered because they are re-
lated to key instrument functions, Design gross weight was considered
because of its demonstrated explanatory power for other systems., Although
correlations ware similar for all three, engine horsepower was found to be

the best. The WER using it as the independent variable is:

Equation rz
ﬁ wlo = 50,507 + ,0267HP 0.7507
) e
; The weight estimacing relationship for instruments with design gross

welght 18 Wy, = 42,106 + 00503H , with an r? of 0.7313.

y Fuel quantity was also a fairly reliable estimator, resulting in the
following equation: wlo = 48,230 + ,181G. The r2 for this equation is

0.7253. Due to high covariance between the three estimators, ranging from

0.84 to 0.93, multiple regressions incorporating two or more explanatory

variables did not improve the fit significantly.

) The instrument system WER is shown graphically in Figure 4,12, together

with the data from which it was derived,
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MENTS

MODEL ¥lo TMEW

269A 8 0.8

OH-G6A 30 2,5

TH-57A 29 1.9

OH-58A 27 1.7

OH-13s 24 1.2

B0O105 25 1.1

286 58 1.9

UH~1H 59 1.1

H-52A 124 2.2

UR-19D 70 1.2

UH-2B 142 2.4

’ AH-16C 101 1.5

;; UH-2D 166 2,2

Ly YAH-64 99 1.3

i CH-34A 108 1.4

4 Cli-21C 134 1.5

. YUH-63 127 1.3

8l YUH-61A 152 1.6

5 YUH-60A 152 1.5

E * SH-3A 368 3.2

g 5-67 187 1.6

: AH-56A 127 1.1

CH-47A 172 1.0

CH-54A 284 1.5

CH-37A 191 0.9

YH-16A 176 0.8

* CH-53A 1395 1.7

347 195 0.8

* Not used in developing WER,
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Table 4,11

ENCINE

HORS E~

POWER
HpP
e

180
250
317
317
305
260
600
550

1,103

1,050
800

1,250

2,050

2,500

3,000

1,525

1,425

3,000

3,000

3,036

2,530

3,000

3,925

2,600

4,400

9,600

4,200

3,600

5,700

7,500

4~42

INSTRUMENT SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

FUEL POWER
QUANTITY HYDRAULIC  PLANT
G 11 YA
336

62 192
76 194
73 165
46 551
538

154 348
82 38 369
211 33 683
325 43 360
175 47 1,244
42 635

110 835

276 52 805
353 96 1,089
263 26 1,737
300 62 1,809
343 162 1,093
352 831
343 87 862
46 701

40 941

438 86 969
380 168 951
620 212 1,342
1,342 168 2,185
410 129 5,516
700 224 3,706
638 132 1,762
1,200 176 1,741

« .
PSRN



12

b0 o dumsnt

=
.
3

o
g
3
LE
I 0
=
>4

P RS Axhuinpy

R

et S

ceampea

~evapeenl
et

EERT Sy

T
JODEP S

i

It P
IR Py

PRSP Sy
2238 hsed
SORS Siivad
PRGOS SOt




SR
Qe

SN R

g

- . . Neabn S i
B A U i i < 00 b Pt 50 s o e 5 Pl RS i G w NI PP o a2

Avionics Svstem Dascription

The avionics oystem 1s separated into fiur subsystems. They are
described in the following paragrapha,

integrnted Flight Guidance and Controls Subsyatem

The integrated flight gufdance and controls subsystem includes the
autopilot unit, the flight director unit, the gyrocompass unit, the attitude
and heading reference unit, and the inertial navigation unit. These units
are interdependen. and rmay be either separate, interconnccted units or one,
integrated functional unit., All indicators, servomechanisms, and associated
circuitry, supports and attachments related to the integrated flight guid-
ance and controls subsystem are also included. Although usually colocated
with this subsystem, the auto-throttle/thrust management unit is part of the

propuision system because it functions to control the engine.

Comunication Subeystem

The communication subsystem is separated into internal and external
units. The internal communication unit includes the interphone system, the
public address system, and the multiplex (MUX) system., The external com-
munication unit includes the transceiver equipment which 1s used for aircraft-

to-aircraft or aircraft-to-ground communications,

Navigat.on Subsystem

The navigation subsystem includes all radar equipment, the automatic
direction finding (ADF) unit, the distance measuring equipment (DME) unit,
the doppler unit, the navigation computer units, the station~keeping unit,
the tactical air navigation (TACAN) unit, the variable omnirange (VOR) unit,
the marker beacon unit, the instrument landing system (ILS), the collision
avoidance unit (CAS), the airport traffic control (ATC) unit, the radio alti-
meter unit, the glide slope indicator, and the radar beacon unit. All of

the navigation units, indicators, antennae, associlated circuitry and antenna

444
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coaxial cable, and the units® Supports and attachments related to the nav-
igation subsystem are included.

Miscellaneous Equipnent Subsystem

The miscellanecus equipment subsystem includes the flight, voice and
crash recorder unit, the aircraft integrated data (AID)/malfunction detec-
tion analysis and recording (MADAR) unit, the weight and balance unit (if
installed), and the equipment rack structure and mounting hardwere and
circuitry,

Weight Estimating Relationship

Avionics system weights and related characteristics are presented in
Table 4,12,

; Design gross weight and range* (in miles) are significant variables
jf for estimating the welght of avionics systems. The WERs developed for
< avionics are:
E Equation r2 Notes
E W, = 301.770 + -02310; - .687R  0.8923  Navy Trans. & Cargo
¢

w14 = - 20,814 + .00739w8 + .585R  0,9177 Army Trans. inc. UTTAS
w14 = ~ 59,041 + .0175Wg + .348R 0.9761 Other

Avionics weights were divided into three broad mission/service cate-

gories (Navy transport and cargo, Army transport including UTTAS and all

other) to improve correlation,

In the first WER, the negative coefficient for range (R) arises from
the dominance of the design gross weight variable (its rz in a simple re-
gression with w14 is 0.8246 while the r2 with range is only 0.0748), The

presence of covariance (t2 = 0.2938) further weakens the range varlable,

* Ranges have been adjusted to conform to the best estimates of maximum
range with no reserves; this was done because of the lack of statistical
uniformity. For example, a given range, assuming 10 percent fuel reserves,
18 adjusted upward accordingly., Therefore, ranges should be accurate to
within 5 percent.
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Table 4,12

AVIONICS SYSTEM WEIGHT, PERFORMANCE AND DESIGN DATA

DESIGN
GROSS
AVIONICS WEIGHT RANGE

MODEL WM ZMEW MISSION wg R
269A 11 1.1 - 1,600 204
OH-6A 113 9.4 Army LOH 2,400 380
TH~57A 53 3.5 Navy 2,900 313
OH-58A 106 6.9 Army LOH 3,000 305
OH-23G 98 5.1 Army 2,800 225
OH-13S 91 4,7 Army 2,850 198
BG105 Civilian 4,630
286 20 0,7 Civilian 4,700
UH-1H 246 4,7 Arny/Air Force 6,600 318
H-52A 427 7.6 Coast Guard 7,500
UH-19D 110 1.9 Army/Air Force 7,100
UH-2B 318 5.4 Ravy Seasprite 7,378
Ali-16C 283 4.1 Army 10,000
UH=-2D 362 4.7 Navy +0,187 422
YAH-64 303 3.9 Army (AAH) 13,950 359
CH=-34A 269 3.4 Army Trans, 11,867
CH=-21C 247 2.7 Alr Force 13,300 230
YUH~63 308 3.2 Army (AAH) 15,645 245
YUH-61A 456 4.6 Army (UTTAS) 15,313 551
YUH-60A 456 4,6 Army (UTTAS) 16,250 691
SH-3A 1,273 11,1 Navy (ASW) 18,064 625
S~67 737 6.3 Attack - Proto, 17,300 445
AH-56A 650 5.4 Army 18,300
CH~46F 645 4.8 Navy Cargo 20,800 246
CH-47A 303 1.7 Army Trans. 33,000 225
CH=-54A 435 2.3 Army Lift 38,000 230
CH-37A 269 1.3 Army 30,342
YH-16A 303 1.3 - 34,000
CH-53A 659 2.9 Marine Trans, 33,500 540
347 371 1.5 - 42,500

* Not used in developing WER,

4=46
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Neither variable predominates in the second WER. The rzs in simple
regressions with design gross weight and range are 0.2953 and 0.4448, re-
specively. Covariance is negative (r = -0,1960) and weak (r2 = (0,0384),
strengtheni. g the multiple rz.

As in the first WER, the final one is dominated by design gross weight.
(Simple rzs are 0.,9318 and J.0472 for design gross weight and range, re-
spectively).

The surprising result of design gross weight being more pcowerful then
range is due to the categorical divisions, which largely "normalize" the
range variable. A single equation for all models shows range to be slightly
more powerful than design gross weight, but bzth are low predictors, result-

ing in an overall multiple r2 of 0.6316,

In view of constantly changing technology, this weight estimating
relationship should ve viewed with great caution. Rapidly increasing so-
phistication in avionics packages could have unpredictable consequences for
welght estimation. In addition, increased avionics '"requirements" might
result in heavier systems, although higher levels of technology could off-

set aay increase in weight.

Beceuse the avionics WER uses two independent variables, it is not

presented graphically.

4=47
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He HYDRAULIC SYSTEM

Hydraulic Svetem Description

The hydraulic system on helicopters is required primarily to provide
hydraulic power to the hydraulic flipght ~ontrels. 1In a few cases, hydraulic
pover is aleo uvsed for landing gear vetraction and to power cargo handling
accessorles, The hydraulic system includess pumps, reservoirs, accumislators,

filtern, regulators, valves, manifolds, plumbing, fluid, and supports and
mount {ing hardware,

Rofpht Fatimating Pelationship

Weiphts and design characteristics relevant to the hydraulic system are
presented in Table 4,13,

Several independent variables were considered in deriving A WEP for
the hydraulic aystem. Design gross welght proved to be tha most reliable
estimator, as indicated below:

2

Eguation Y

W,, = 15,890 + 00446\ 0.6574
Il g

Although flight controls weight iz perhaps the more logical cstimator
on account of the functional relattonship between the two systems, the eqgua=
tion derived with flight controls weight, ”11 = 19.508 + .011owfc. has an
rz of only 0,5760,

Due to high covariance between des{gn gross weight and flight controls
welght, a multiple regressfon equation of hydraulie welght on both indepen=-
2
dent variables adds nothing to the r”, Hevertheless, a robust combined weight

equation was derived: = 58,692 + ,390Wg. Its t2 is 0.9341, which is

Has11
comparable to the correlation ceefficient for the flight controls equation.

As in the case of flight controls, wings and tandem rotors, even though

they might ve regarded ac alds in flight control, are not a determining factor

« for hydraulic weight. Alsc, none of the weight or performance factors related

4~48



Table 4,13

; HYDRAULIC SYSTEM WEICHT, PERFORMANCE AND DESIGN DATA

DESIGN
K GROSS POWER-  PLIGHT
0 HYDRAULIC WEICHT PLAKT  CONTROLS
Y MODEL 11 THE 7A 8
i —EW —~—B
, 269A 1,600 336 51
. OH-6A 2,400 192 65
TH-57A 2,900 194 113
! OH~58A 3,000 165 125
i OH=23¢ 2,800 551 108
~ OH~138 2,850 588 153
BO105 4,630 348 189
286 38 1.3 4,700 369 327
Ult-14 33 0.6 6,600 683 3s?
H=524 43 0.8 7,500 360 353
Uti-19p 47 0.8 7,100 1,244 164
UH-28 42 C.7 7,378 635 301
) AH-16C 110 0.2 10,000 835 469
} Uli-2D 2 0.7 10,187 805 300
YAH-64 96 1.2 13,950 1,089 «19
Ch=34A 26 0.3 11,867 1,737 378
Ci=21¢ 62 0.7 13,300 1,809 561
YUH-63 162 1.7 15,645 1,093 596
YUi-614A 15,313 831 721
YUH-60A 87 0.9 16,250 862 694
SH-3A 46 0.4 18,064 701 654
S-67 40 0.3 17,300 941 780
AH-564 86 0.7 18,300 969 1,021
Cid-46F 168 1.3 20, 800 951 £28
CH=47A 212 1.2 33,000 1,342 1,212
CH-544 168 0.9 38,000 2,185 1,161
Cii-374 129 0.6 30,342 5,516 965
YH-16A 224 1.0 34,000 3,706 1,239
CH-53A 132 0.6 33,500 1,762 1,168
347 176 0.7 42,500 1,701 1,921

4=49



to the powerplant (i.e., powerplant weight or engine horgepower) are sta-

tistically significant as predictors of hydraulic system welght.

The hydraulic system WER is presented graphically in Figure 4.13,

together with the data from which it waa derived.
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Figure 4,13
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I. ELECTRICAL SYSTEH

Electrical Syatem Description

The electrical system supplics power to a variety of helicopter
operating coamponents, including, among others: lights, avionics, instru-

ments, passenger &nd carge doors, cargo hoist, and environmental control
system,

The electrical aystem consists of the AC power syatem, the DC power

systen and the lighting system. Tha AC system (ncludes pover generating
equipment, while the DC power system includes converters and batteries, and
both include the necessary controls, wiring, cables, fittings and supports
to distribute the electrical power from the power source to the electrical

power centey,

The lighting eystem includes all interior and exterior lights, topgcther

with the switches, assocfated circuitry from the electric power center, and

support hardware.

: The wiring and circuitry leading from the electric power center to the
various components which use electricity are included with the respective

systems,

Weipght Estimating Relationship

Weights and related design critertia for the electrical system are pro-
vided in Table 4,14,

? Total body surface area is the most reliable estimator of electrical
system weight, As the graph in Figure 4,14 shows, the ratio of electrical

system welght to body surface area decreases as they increase, implying a

logarithmic relationship, which indeed increases the rz significantly, Both

the logarithmic and the linear versions are presented below:

Fquation rz
fn wlj ] «903 + ,733 n Sb 0.8547
w 17 3
wlB 139.947 + .ZJoSb G.8160

4=-52



ELECTRICAL SYSTEM WEICHT, PERFORMANCE AND DESIGN DATA

*  Not used in developing WER,

ELEC-
TRICAL

MODEL i3 THEW
269A 59 6.0
OH~6A 68 5.7
TH-57A 110 7.2
OH-58A 85 5.5
OH-23G 111 5.8
Oi{-1238 130 6.7
BO10S 168 7.2
286 130 LA
UH- 11t 360 6.9
H-52A 419 7.5
uH=-19n 327 5.6
uli-2n 233 3.9
AH-16C 400 5.8
UH=-2D 293 3.8
YAH-64 294 3.7
CH=34A 327 bo2
CH=21C 342 3.7
YUH~63 409 4,2
YUH-61A 389 4,0
YUH-60A 464 4.5
SH~3A 391 3.4
S-u7? 397 3.4
AH-56A 377 3.1
CH~46F 654 4,9
CH-47A 555 3.1
CH=~54A 472 2.5
CH-37A 497 2.3
Yit=10A 708 3.1
CH-53A 601 2.6
347 617 2.5
Others

CH53E 704 2.3

Table 4,14

SURFACE

4-53

BODY

205
244
247

121
2n
262
626
849
640
609
469
738
606
817
1,180
623
757
805
1,112
7943
847
1,452
2,150
1,199
1,553
2, 300
2,262
2,587

2,242

NUMBER
1ty
PASSENGERS
N
SRS
1
2

14

11
1
16

22
32

37
37

37
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Passenger capacity was also investigated but was a far less reliable
estimator, with an r2 of only 0.63,

Finally, design gross weight was analyzed as a poasible explanatory
variable. A linear equation was found to have an rz of only 0,74, although

2

its logarithmic version yielded an r“ of 0.83, Alternative electrical 8ys=-

13" 145,813
+ 01330, and £ W,y = =.5385 + .6728 fn W . The low r? for the linear ver-
sion is primarily due to the wide variance from the trend line for models

tem WERas which employ the design gross weight varisble are W

over 20,000 pounds. As this variance for heavier helicopters 1s far less
apparent in the cquation presented sbove, using linear body surface area,

its correlation coefficient is much higher and it is clearly preferred.

The preferred electrical system WERs are presented graphically in
Figure 4.14, together with the data from which they were derived.
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J. FURNISHINGS AND EQUIPMENT SYSTEM

Furnishings and Equipment System Descrir+ion

Furnishings and equipment include a variety of items in the cockpit
and the passenger and/or cargo compartment. In the cockpit, this category
includes all fnstrument and console panels, seats, insulation, lining, crew

oxygen system, and cockpit door and partitions,

In the passenger and/or cargo compartment, this category includes
seats, floor covering, insulation, side panels, ceiling structure, hatrack
or baggage containers, and passenger comfort items such as galley or lav~

atory installations.

Miscellaneous items include the engine and cabin fire extinguisher
systems, fire warning system, exterior finish, and emergency equipment
(L.e., first aid kit and fire ax). Cargo loading equipment is also a part

of this system,

Weight Estimating Relationship

Weights and related design information for helicopter furnishings and

equipment are presented in Table 4.15.

Two explanatory variables, the sum of crew and passengers and the total
surface body area, are highly significant in estimating the weight of the
helicopter furnishings. The following WER was obtained based on them:

Equation r2

wls = -8,106 + .176Sb + 20.456(NP+NC) 0.9034

Single regressions for each variable provide the following results:
wlS = 75,356 + 28°528(Np+Nc) and wls = 41,620 + .Aéésb. These equations
have r"s of 0.5927 and 0.7081, respectively., The highest r2 is, however,

obtained by including both variables, as indicated above.*

* Contemporary helicopter designs typically include material to reduce
vibration, The weight of absorption material added is about 2.5 percent
of design gross weight. Therefore, another variable {0.025W,) should be
added to thig WER for estimating the furnishings and equipment system
weight in modern helicopters.

4~56



FEEANCAR,

o L g g Al e i

FURNISHINGS AND EQUIPMENT SYSTEM
WEIGHT, PERFOKMANCE AND DESIGN DATA

FURNISH
& EQUIP
MoDEL Wi TMEN
* 269A 33 3.4
OH~6A 58 4.8
TH-57A 64 4.2
OH-58A 42 2,7
* OH~23GC 32 1.7
OH-13s8 30 1.6
BO10S 47 2.0
286 84 2.8
UH~1H 408 7.8
H=-52A 216 3.9
UH-19D 205 3.5
UH-2B 131 2,2
Al-16C 130 1.9
UH=-2D 166 2,2
YAH-64 185 2.4
CH-34A 189 2.4
* CH=-21C 258 2,8
YUH-63 202 2.1
YUH-61A 650 6.6
YUH-60A 675 6.6
SH-3A 400 3.5
5~67 230 2.0
AH-56A 274 2.3
CH-46F 854 A
CH-47A 866 .9
CH-544 218 .1

YH=-16A 425
CH-53A 1,289

6

4

1

* CH-37A 810 3.
1

5

347 1,337 5

* Not used in developing WER,

Table 4,15

4~57

NUMBER NUMBER BODY
OF PAS- OF SURFACE
SENGERS CREW AREA
N N S
p c b
1 2
2 1 205
3 244
2 247
1 1
1 1 121
2 277
3 2 262
11 2 626
3 849
3 1 640
4 2 609
2 469
1 3 738
2 606
14 2 817
1,180
2 623
11 3 757
11 3 805
16 2 1,112
2 943
2 847
22 3 1,452
32 3 2,150
2 1,199
1,553
3 2,300
37 3 2,262
37 3 2,587



in ¢lassifying models as “cargo” and "non—cargo" helicopters, Previous
attempts to derive separate weight estimating relationships by type indicate
that the number of passengers Plus crew membersg is the best estimator for
the strictly non-cargo models and that body surface area is the best for

the strictly cargo models. The covariance between these two variables ig

only 0.5660, allowing for a multiple regression with a high rz.

determlnation of the number of Passengers and crew for each model. Avail-
able data often differed significantly according to the available soy.: e
documentation, including manufacturers! welght Statements, armed service
and government agency compilations, and other outside sources (e.g., Jane's
All the World's Alrcraft)., The Passenger and crew statistics provided in

the accompanying table are those which were used, They represent median

estimates from thege sources for passenger models., For dual-function heli-
copters, the figures represent estimates of the "most likely" number of pag~-
sengers and crew in ap all—passenger configuration,

In summary, the final ﬁultiple regression equation eliminates the
need to derive different relationships for different model types and, there~
by, eliminates the need to dichotomize dual-function models arbitrarily.

18 not provided,
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K. LOAD AND HANDLING SYSTEM

Load and Handling System Description

The load and handling system consists of loading and handling gear,
including provisions for Jacking, ooisting and mooring, and ballast,

Weight Estimating Relationship

Load and handiing system weights and related design characteristics
are presented in Table 4,16,

The weight estinmating relationship developed for the load and handling
system is:

Equation r2

WIS = 71,875 + .llle + 3.489(NP+NC) 0.7704

As indicated, body surface area and the sum of passengers and crew
are significant estimators., Simple regression equations give the following
results: w18 = ;77.353 + .1578b and w18 = 12,962 + 7.708(Np+Nc). These
equations have r“s of 0,6910 and 0.5764, respectively., Covariance is only
0.4328, allowing for inclusion of both variables, which results in an {m-
proved multiple correlation.

One should not be surprised by the strong positive relationship between
load and handling system weight and the number of passengers and crew in the
second simple regression equation, even though the system relates to cargo:
For dual-functican models, the passenger statistics reflect what the craft is
capable of carrying in an "all passenger" configuration, i.e., the bigger
its passenger (troop) capacity, the larger will be its potential cargo ca-
pacity, In fact, the very large models are designed to carry troups and/or
military hardware, the relative quantities of which often vary from oﬁe mig~

sion to another.

Because the lvad and handling system WER uses two independent variables,

it is not presented graphically.
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Tabie 4,16

LOAD AND HANDLING SYSTEM
WEIGHT, PERFORMANCE AND DESIGN DATA

NUMBER NUMBER BODY

LOAD & OF PAS- OF SURFACE
HANDLING SENGERS CREW AREA
MODEIL w18 IMEW N1:» Nc sb
269A 1 2
OH=-6A 2 1 205
TH-57A 3 244
OH~584 2 247
OH-23G 1 1
OH-138 1 1 121
BD105 2 277
286 3 2 262
UH-1H 11 2 626
2} H-52A 89 1.6 3 849
% UH-19D 3 1 640
UH-2B 6 0.1 4 2 609
AH-16C 2 469
* UH-2D 131 1.7 1 3 738
YAH-64 2 606
CH-34A 3 + 14 2 817
* CH-21C 45 0.5 1,180
YUH-63 2 623
YUH-61A 39 0.4 11 3 757
YUH-60A 80 0.8 11 3 805
SH-3A 56 0.5 16 2 1,112
S-67 13 0.1 2 943
AH-56A 2 847
CH~46F 196 1.5 22 3 1,452
CH-47A 258 1.5 32 3 2,150
CH-54A 184 1.0 2 1,199
* CH-37A 12 0.1 1,553
YH-16A 137 0.6 2,300
CH-53A 439 1.9 37 3 2,262
347 302 1.2 37 3 2,587

* Not used in developing WER,
t Less than 0.052.
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SECTION 5

e I

DETAILED SYSTEM COST ANALYSES

$oeny

This section provides a detailed discussion of each recurring pro=-

S

duction cost estimating relationship (CER) which was presented in Table
3.1, Specifically, the cost data used to develop the CERs are discussed,
& sv.ptions made and methodology used in developing the CERs are presented
and the perceived valldity of the CERs is indicated., Since this study
followed the SAI report(l) on transport aircraft systems costs, references
will frequently be made to it whenever it could be helpful in discussing
similarities and differences which influence the cost of both aircraft
types,

Descriptions of each individual system are provided with the

discussion of that system in Section ¢, Detailed System Weight Analyses,
A summary of system descriptions 1s also provided in Appendix B.

e
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A, WING, TAIL, RODY AND RACELLE SYSTEMS

“he atructural asyotexs (wing, tail, body and nacelle) are discussed
together because they have #imilar desipns and use simflar materials and
methods of fabricatfon, Also, the data upen which esch system CER was
based were derived trom the mame source,

Discuseion of Wing, Tatl, Body and Nacelle Systems Cost Data and CFR

E&ve!epnent

Detailed cust data for helicopter afrframe structures wers not

readily availadble., This (s because the structure s generally produced

by the manufacturer and reported coats typically include in-house areenbly
costs as well as in-houge preducticn and subcontractor conts. However,
ont case was identified in which the entire afrframe structure is being
provided by a subcoatractor, Thus, detatled cost estimates developed by
the subcontractor's design team served as the basis for the CFls developed
for h:licopter afrframe structure, However, since the data provided were
12 terms of labor hours and material costs for a production of wmuch more
than 100 units, the following assumptions and adjustoents were made to
estinate the CACIOO cogt per pound in SFY?7:

& A labor rate of $35 per hour was used, based on information

from other aerospace industry sources,

¢ An 82 percent learning curve wag assumed, based on conversations

with the subcontractor, {n estimating the CACIOO'

¢ The total estimated material cost was divided by its total
estimated weight and the result was converted from $FEY72 to
$FY?7 by use of DoD inflation factors., The result was $13 per
pound for the structural material,

Costs per pound of about $120 for the wing, $90 for the tatl, $80
for the body, and $110 for the nacelle were obtained., These were within

the range indicated in other sources, To develop CLRs, these points were

$=-2



e s e
i

plotted and a 90 percent weight scajlng curve® was assumed based on trang-

port adrcraft data and discussion with helicopter industry personnel,

which confirmed the validity of these values,

The helicopter airframe atructure CERa are:

Syutem

Wing
Tail
Body

Kacelle

Eguat Lon

- 10199?'8“8
0.848
18

0.848
= B60u]

0.848
C6 - 893H6

7594

(2]
]

~0,286
Q

~0.286
Q

-0.28

q 0.286

"0'286
Q

The wing, tail and nacelle stiucture CERs are presented in Figure S.1.
The body CER {s preaented in Figure 5.2,

As noted, the tail rotor is considered to be part of the tall system.
Detailed cost data were not svailable for it however, since analysie indi-
cated that it was aimtlar to, but smaller then, the msin roter, the following

CER waa assumed:

System Equaticn
"'05071‘0

] . - 102
Tail Rotor CJA 10 N3A Q

The tail rotor CER is presented in Figure 5.3.

The figures represent cumulative average coats for 100 units in 1977
dollars and include only in-house production costs and subcontractor costs,

as discussed in Section 3.

Perceived Validity of Wing, Tail, Body and Nacelle Systems CV'Rs

Since each of these structure CERs was based on detsfled subcontractor
cost estimates and the subcontractor discussed the bases and methodology

ugsed in preparing these estimates, a confidence value of 8 wan assigned to

* This curve {ndicates that cosc per pound decreases as weight increases
as a reflection of the relatively easicr and less extensive tabrication
techniques required for larger structures, Wetpht scaling curves are
similar to learning curves, which were discussed in Section Ja

5-3
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Figure 5.2
BODY CER

(Thousands of $FY77)
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each of them in accordance with Table 3.3. The tail rotor CER was developed

based on the assumption of its similarity to the main rotor and, thereforu)
a lover value of & was assigned to it.

Emerging Technologies

The use of composites is now being implemented for selected {tems and
in a limited manner for some current helicopter models. These materials
offer aignificant weight savings at a higher cost. The material cost ia
currently about three times that of normul (aluminum) structural materiala
(about $40 to $50 per pound, compared to about $13 per pound). Further,
fabrication costs are currently about double tha cost of aluminum structure,
It is anticipated that both material and fabrication costs will decline
substantially when wide acale production is implemented, although it is
impossible to define “substantiaily” fn a financial sense at this time,

5-7



B, ROTOR SYSTEM

Discussion of Rotor System Cost Data and Cpr Development

Cost data were obtained for rotors for eight different models of
military helicoptera.(z) Although data were also available for different
types of a particular nodel, they were not included in the final analysia
in order to avoid possible bias in favor of a particular deaign theory or
manufacturing Practice, When helicopters with twin rotors were included,
regressions were performed for cases where the total cost and weight were
used and where one half of the total cost and weight were used, There
wag no aignificant difference between the two results. The following CER
was determined:

Equation __rz
Cp = =12,938 + 1011,™0-0740 0.9448

The rotor cost estimating relationship is presented in Figure 5,4,
This i3 the cumulative average coat for 100 unite in fiscal year 1977
dollars and includes only in<houyse production and subcontractor costs, ag
discussed 1in Section 3. The weight range shown conforms with that of the
data bagse,

Perceived Validity of Rotor Syatem CER

48 indicated by the r2 of 0.9448, the scatter of the data used wag
minimal, Further, eight diverse helicopter models vere represented in
the rotor data and their weights ranged from about 150 to 4,000 pounds,
Since these data were also either provided or reviewed by the ranufacturers,

a high confidence value of 9.5 wag assigned to this CER, 1in accordance with
the criceria specified in Table 3,3,
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C. ALIGHTING GEAR SYSTEM

Discussion of Alighting Gear Cost Data and CER Development

CERs were developed for each of the alighting gear types with either
skids or wheels. For larpger hellcopters with wheels, separate CERs were
developed for the structure, controls and rolling assembly., A CER which
is compatible with the WER for the complete alighting gear system was also
developed, Data for developing these CERs were obtained from interviews
with alighting gear subcontractors and from the similar applicable cost

e)

data reported in our earlier study.

The transport aircraft alighting gear subsystem cost data were used
because (at the subsysitem level) costs per pound are similar to those of
their helicopter counterparts. However, the cost per pound for the total
helicopter alighting gear system is usually less than the transport air~
craft system. Since helicopter alighting gears are typically not retract-
able, hydraulic actuators are not required to raise and lower them and,
therefore, controls (the most costly landing gear item) comprise a smaller

porticn of the total helicopter alighting gear system,

The following CERs were developed for wheeled helicopter alighting

gears:
System Equation
Total Wheeled Alighting Gear C5 - 84w5 Q‘0'2176
Alighting Gear Structure C.. = 362W Q“0°286
°A A _0.0396
Alignting Gear Controls CSB = 159w55Q d
-0.0896
] P -
Rolling Assembly Ce ZOWSCQ

Learning curves of 82 percent for structure and 94 percent for subcon~
tractor or vendor items (controls and rolling assembly) are incorporated
into the subsystem equations. The subsystem CERs sho..ld be used and ag-
gregated 1f weight data are available at that level, as they should provide

a somewhat more accurate estimate than if the total system CER is used,
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For skid-fitted helicopters, the alighting gear is a structural
item (as noted above), and 1t {ig generally built by the airframe manu~
facturer, 1Its cost is estimated by the following CER:

System Equation
¥s
Total Skid Alighting Gear C.==¢
S w{0 4

Graphs of the structure, control and rolling assembly CERs are
presented in Figure 5.5, This figure represents the cunmulative average
cost of 100 units in 1977 dollars and includes only in-house production
and subcontractor costs, as discussed in Section 3.

Perceived Validity of Alighting Gear System CERs

As noted, alighting gear subsystem CERs are baged largely on trans-
port aircraft data used in conjunction with helicopter alighting gear sub-
contractor discussions, However, especially high confidence is not war-
ranted and a confidence value of 8 was assigned to ecach subsystem., Since
the skid CER 1s based on the assumption that it costs the same per pound
as the body, a confidence value of 3 was agsigned to it. These confidence

values are consistent with the criteria specified in Table 3.3,

Emerging Technologies

A few current and several future helicopter designs are incorporating a
retractable alighting gear to improve their performance and to save energy
by decreasing the wini resistance caused by fixed alighting gears, However,
this feature 1g accomplished only by incurring a weight penalty caused by
the additional controls required for retraction. Since controls are a

relatively high cost item, their addition would increase the overall system
cost markedly,
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Figure 5,5
ALIGHTING GEAR CERs
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D. PROPULSION SYSTEM

Discussion of Propulsion System Cost Data and CER Development

Regression analysis wasg applied to detail cost data for bare engines
and drives 1in order to develop CERs for them. Reported costs were availahle
for five different helicopter turbine engines found on two smaller (under
7,000 pounds MEW) and three larger (over 12,000 pounds MEW) helicopters,
These costs were adjusted to represent CAC100 in $FY77, as discussed in
Section 3. These were then correlated using dry engine weight as the inde-
pendent variables. The following CER was obtained:

Subsystenm Equation r2 Notes

~0.2345
Powerplant C?A = ~17,709 + 1219W7AQ 0.8780 Wou < 900 pounds

When cost was correlated with maximum shaft horsepower (HPe), the following
equation was obtained: C7A = 83,320 + 215HPeQ—0'2345. Although the r? is
slightly better (0.9082) than that based on weight, weight i3 used as the
primary variable for consistency, since the improvement is minor. A learning

curve of 85 percent was incorporated, as indicated by the data.

CERs were developed for drives using dara from the same eight helicopter
models which were used to develop the rotor CER discussed above. These data
fell into two groups: Three drives were under 700 pounds and five were over

1,800 pounas. Thus, two CERs were developed, as follows:

Subsystem Equation r2 Notes
Drive Cog = = 4795 + 207w, Q0+ 0740 4 9950 Wop S 700 pounds
Drive Crp = ~16,423 + 83w q 00740 o 9749 Wp 2 1,800 pounds

Since there was a potential gap between 700 and 1,800 pounds, a third regres-
sion was performed using all eight data pounts. It yielded the following
CER: '

2
Subsystem Equation r Notes

-0.0740

Drive c73 = 19,946 + 83w7BQ 0.9722 All other 7B

w.hm{upm-m..,‘.ﬁ R
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This equation should provide acceptable results for estimating the recurring
production cost for drives between 700 and 1,800 pounds. The data indicated
that very little learning was experienced for the drive and a learning curve

of 95 percent was incorporated in the equation,

A detailed review of the components which comprise the fuel and other
propulsion systems® indicated that they were quite similar to their trang-
port aircraft counterparts, Therefore, the transport aircraft CERs for
these subsystems were used, after adjusting them to $FY?7 and removing pro=-
fit and system level assembly costs, The CERs are:

System Equation
-0,0896
Fuel C7C = 56W7CQ
Other Propulsion C7D = 14SW7DQ

A 94 percent learning curve was assumed and incorporated into them,

The CER for powerplants is presented in Figure 5,6; CERs for drives are
presented in Figures 5.7, 5.8 and 5.9, for fuel in Figure 5.10 and for other
propulsion in Figure 5,11, These figures represent cumulative average costs
for 100 units in $FY77 and include only in-house production and subcontractor

costs, as discussed in Section 3.

Perceived Validity of Propulsion System CERs

Since the powerplant and drive system CERs are based on reported cost

data which have been reviewed by the manufacturers, they are assigned confidence

values of 8 and 9, respectively, The drive system CERs received a higher con-

fidence value because of their higher correlation coefficients and because they
were based on more data points (8 vs. 5). Since the fuel system and other pro-

pulsion system CERs were based on their indicated similarity to their transport

aircraft counterparts and no data or advice from industry personnel were ob-
tained, they were each a.signed confidence values of 4, based on the criteria
specified in Table 3,3.

Other propulsion items include: starter, air inductor, ecxhaust and cooling
items, lubrication systrms, and engine controls as well as incrallation
hardware and residual fluids.

5-14
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Figure 5.7
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Figure 5,8
DRIVE CER (OVER 1,800 PCU

(Thousands of
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E. FLIGHT CONTROLS SYSTEM

Digscussion of Flight Controls System Cost Data and CER Development

The flight controls system CER was developed based on information
obtained from a subcontractor interview which wag used in conjunction with

cost data for transport aircraft flight controla.(l) It was determined

that the costs per pound used for cabin controls, plumbing, fluid and sUp~-
ports and miscellaneoys Aardware in the transport aircraft study were
directly applicable to their helicopter counterparts.* The cost drivers
in the helicopter £l1ight controls System are the hydraulic and mechanical
controls, however.

The hydraulic and mechanical flight controls in helicopters encounter
different problems from those of their transport aircraft counterparts.
They are much more subject to dust and receive significantly greater vib-

ration. The hydraulic controls present packaging problems because of

severe space restrictions, Very complex mechanica) controla, including a
swash plate and "mixing box," are required because of the rotor. Further,
welght 1is an even greater concern for helicopter flight controls than tfor

their transport aircrafr counterparts,

Because of these factors, CACLOO costs per pound of $150 to $200 and
$75 to $125 were used for hydraulic and mechanical controls, respectively,

The CAC100 cost per pound for helicopter flight controls systems 1is
developed in Table 5.1, 1in accordance with the methodology discussed in
Section 3. The following helicopter flight controls CER was developed:

~0.0896
Cg = 156WQ

— g - ———

A 94 percent learning curve was assumed.

* It was determined that the cost range for plumbing ($5 to $20 per pound)
was probably understated because it did not adequately reflect fabrication
coste and a higher cost ($20 to $60 per pound) was, therefore, used. No
change was made for the costs of the other items,

L 5-21
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Table 5,1

TP
e e e A=A

FLIGHT CONTROLS SYSTEM
COSTS AND CONFIDENCE VALUES

Component X of Cost per
Major Component or Subassemhly System Wedight Pound Confidence Value

Cabin Controls > 9 % $ 40~ 60 2
Plumbing 5 20~ 60 6
Fluid 2 0.68 8
Supports and Miscellancous 13 25~ 75 3
Hydraulic Conirols 26 150-200 7
Mechanical Controls 45 75-125 4

100 % $ 81-126 4,7

(avg. $104/pound)

—rr— - —
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This CER is presented in Figure 5,12, This figure represents the
cumulative average cost for 100 units in 1977 dollars and includes only

the in~house production and subcontractor costs, as discussed in Section 3.

Perceived Validity of Flight Controle System CER

A confidence value of 4.7 was calculated for the flight controls
system CER in Table 5.1, in accordance withk the methodolegy described in
Section 3. The major vomponent or subassembly confidence values given to
cabin controls, fluid and supports and miscelluneous are identical to those
of their transport aircraft countetparts.(l) Plumbing was given a slightly
higher confidence value (6 vs. 5)s The confidence values assigned to the
hydraulic and mechanical controls were, however, significantly lower than
those asaigned to their transport aircraft counterparts (7 vs. 9.5 and
4 vs, 7.5, respectively) because limited cost data were available and
because costs on these items were estimated based on assumptions regarding

their relative complexity compared to their transport aircraft counterparts,

Emerging Technologies

Fly-by-wire has been experimentally implemented on some helicopter
designs, including a CH~47. This has been successful but more costly than
existing technology, It does, nonetheless, offer greater redundancy with
significantly reduced welght., It is expected that, when fly-by~wire con-
trols are implemented on a production model, they will remain more expensive
and will also have a shallower learning curve because of the many electronic

items included in them which are on the flat part of their own learning
curves,

Power-by-wire is another possible new technology which 1s similar to

fly-by-wire except that hydraulic packages including pumps and reservoirs
would be located_at the actuator,

Fly-by-light is a technology similar to fly-by-wire except that light

would be substituted for clectricity., This would alleviate potential problems

caused by lightning to a fly-by-wire system. It appears to be even further
away from Implementation than fly-by-wire,

5-23
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Figure 5.12
FLIGHT COKTROLS SYSTEM CER
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F. INTEGRATED PNEUMATIC SYSTEM

Integrated pneumatic system (IPS) 1s a term often applied to the
combined pneumatic, air conditioning, anti-icing and auxiliary power
systems. Although thege systems are treated separately in Military Stan~
dard 1374A (except for the pneuvinatic system, which is combined with the
hydraulic system), the manufacturers and their major subcontractors con-

sider them as part of a single system because of their <ommonality,

Discussion of IPS Cost Data and CER Development

In the past, pneumatic power has been used only sparingly on heli-

copters. In fuct, for all of the helicopter detail weight statements

reviewed, only helicopters with MEWs in excess of 12,000 pounds incorporated

auxiliary power or anti-icing systems and no helicopters incorporated pneu-
matic power systems as such, It is anticipated, however, that pneumatic
power will be included on future designs where a heavy 1ifting capability

is required and it has even been suggested as a welght saving alternative
for blade cyclic control,

One of the subcontractors who provided the cost data for transport
aircraft IPS was contacted regarding helicopter IPS costs. It was suggested

that IPS CERs developed for transport aircraft would be appropriate for

helicopters, Thus, small transport aircraft CERs(l) wvere modified by deleting

system level assembly and profit and inflating them to reflect $FY77.

The IPS CERs are:

System Equation
Auxiliary Power c9 - 234W9 Q-0.0896
Pneumatic* CIZ - 137w12Q-0.0896
Alr Conditioning Cig = 208w16Q"0'0896
Anti-Icing 017 = 213w17Q—0.0896

Learning curves of 94 percent were assumed,

* A CER for the pneumatic system is only provided for information, since
(as noted) no helicopter studied had a pneumatic system defined as such,
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The: integrated pneumatic system CERs, except for the pneumatic system,
are presented in Figure 5.13. This figure represents the cumulative aver-
age cost of 100 units in $F¥77 and includes only in-house production and

subcontractor costs, as discussed in Section 3.

] Perceived validity of IPS CERs

As noted above, the helicopter IPS CERs are based on a subcontractor

statement that the cost of these systems would be essentially the sane as

that of their small transport aircraft counterparts. Because no specific

i data for helicopter IPS were obtained and no detailed analyses were performed,
iﬁ relatively low confidence values have been assigned to these systems. Con-

fidence values assigned to the four systems are shown below. Those assigned

;l to their small transport aircraft counterparts are shown in parentheses for
;é comparison.

i‘ System . Confidence Value

'é Auxiliary Power 3.5 (4.5)

%v Pneumatics 6 (7.8)

i Air Conditioning 3 (4.0)

% Anti~Icing 6 (8.4)

2
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Figure 5.13
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G. INSTRUMENTS AND AVIONICS SYSTEMS

Discussion of Instrument and Avionics Systems Cost Data and CER Development

Instruments and avionics costs are difficult to estimate for two gen=-

eral reasons:

As

Rapidly advancing technology is simultaneously decreasing the
welght of existing equipment while bringing state-of-the~art
equipment to the market with greatly improved capabilities at
a higher unit cost,

The avionics equipment installed is largely a customer option
and may vary greatly on any given helicopter model with its
mission, the extent to which the customer wishes to maintain
standard equipment within its fleet or other unique user

requirements,

an indication of how much avionics costs can vary, the following

ranges of costs per pound for helicopter avionics equipment items were

observed

Item Range
Gyro compass §77 - 329
Automatic Direction Finder 97 - 190

High Frequency Radio Set 94 - 372

Costs per pound in excess of $2,000 for some avionic equipmant items were

observed.

In addition to the above general reasons, there were specific problems

with the
°

available cost data which undermined their credibility:
Quantity data were not avallable.*

In several cases, weight and cost data were not available for

all avionics equipment installed on a helicopter.
L 4

* This may not be a problem because 95 percent learring curve slope is
typical for avionics cquipment, and, judging from the quantity of heli-
copters procured, and from the fact that a given item may be found on
many helicopter models, the items may have been on the flat part of the

curve
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e In several cases, the total avionics equipment weight exceeded

that indiceted zu tne weight statement,

Nevertheless, the available cost and weight data included electrenic
equipment items from 8 different helicopter models, including 14 types, These
data were broken into the categories defined above and carefully analyzed to
eliminate unerrlainable outliers, The average cost per pound for this equip=~
ment was about $180, with a standard deviation of about $100. A regression
analysis was then performed to develop the following CER:

Cyun ™ 13,693 + 110N,

14
This CER has an r2 of 0.7621, It is emphasized, however, that the estimate
could be from 25 to 200 percent of the actual cost, depending upon the
functions required and the equipment selected to perform them. It is noted,
however, that, when communications equipment comprises a relatively high
proportion of the avionics equipment, the cost will tend toward the lower
(say, 70 percent) part of the range.

As mentioned, learning was impossible to determine from the available
data; however, it is quite possible that the items represented by this Cc¢R
are on the flat part of the curve., This CER yields much lower cost usti-
mates than does its transport alrcraft counterpart, This is logical, given

the less complex nature of helicopter avionics equipment,

Evidence indicated that instrument equipment costs were lower than
avionics equipment costs. As a result, a CER which eliminated the constant

factor appears tc represent the limited data available. It is, simply:

C AT 110W1

10 0A

Other instrument and avionics items include supports and rack structures,
antennae, etc. The CERs for these were developed from those provided for their
transport alrcraft counterparts(l)

profit and inflating them to $FY77. These CERs are:

by eliminating system level assembly and

System Equation
Other Instruments CIOB = laowloBQ-O.XBA
Other Avionics CMB = 140w143Q—0'186
5-29
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A learning curve of 88 percent wsa incorporated into the equation.,

These CERs are presented in Figure 5,14, This flgure represents
the cumulative averuge cost of 100 units in 1977 dollars and includes

only in-house production and subcontractor costs, as discussed in Section
3.

The instruments and avionics CERs provided above at the subsystem
level should be used whenever possible to inuure greater accuracy. However,
if only total svstem weight data are avatlable, the following total system
CERs were derfved for fnstruments and avionice, respectively:

0@

- 681 ~0,0896
Cpq = 6847 + 1250, Q

- ]2
Clo l~591

Perceived Validity of Instruments and Avionics Systems CFRa

As noted, the avionics equirment CER had a correlation coefficient
of 0.7621, It was, Fowever, bared on lesa than optimal data. Thercfore,
a confidence value of 8 was assigned to it in accordance with the criteria
provided {n Table 3.3. Sirce the instrument equipment CER was based largely
on the avionics equipment CER, a lower confidence value of 5 was assigned
to it. A confidence value of 6 was assigned te both other instruments and
other avionics. Because of variance in the portion of equipment and other
material, lower confidence values were assigned to the totsl system CERs:

4 for instruments and 6 for avionics.
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H, HYDRAULIC SYSTEM

Discusstion of Hydraulic System Cost Data and CER Development

The hydraulic system CER was developad based on subcontractor=pro-
vided information as well as on assumptions made regarding the analogy of

13
certaia components to their tvansport aircraft counterparta.( )

Hydraulic pumpa are the Xey cost driver in the hydraulic syatem.
One pump is provided per engine and, since 4t is usually limited to pro-
viding power only for the hydraulic flight controls, its output is smaller
than its transport afrcvaft counterpart (20 to 50 HP, compared to 100 HP
or more). There is greater concern for weight on helicopters and, as a
result, their hydraulic pumps are lighter on a per horsepower basis than
their transport alrcraft counterparts, Helfcopter hydraulic pumps, there-
fore, cost about $100 to $200 per pound, compared to $65 to $75 per pound
for their transport aircraft counterparts. In certain installations, hy-
draulic pump/starters are used and once the engine 1s started by the unit
it then functions as a pump., This provides self-sufficiency in the field
as ground support equipment is not required. The total cost of these pump/
starters is between 53,500 and $5,000,

The cost of reservoirs, accumulators, filters, regulaters, valves
and manifolds is higher for helicopters than for transport afrcraft, pri-
marily because of the incrcased design and manufacturing difficulty incurred
by making them smaller. Collectively, these items cost between $75 and
$125 per pound,

The cost per pound of the remaining items {plumbing, fluid, and sup-
ports and wiscellaneous) is the same as for their equivalents in the flight

control system, which was discussed above.

The CAClOO cost per pound for nelicopter hydraulic systems {is developed
in Table 5.2, in accordance with the methodology discussed in Section 3.
The following hydraulis system CER was calculated:

. -0.0896
Cpp = 9w Q

A 94 percent learning curve was assumed.
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Table 5.2

HYDRAULIC SYSTEM
COSTS AND CONFIDENCE VALUES

Component X of Cost per

Major Component or Subassembly System Weight Pound Confidence Value
: Hydraulic Pumps 17 2 $100-200 9
% Reservoirs, Accumulators,
Filtera, Regulators,
Valves and Manifolds 18 75-125 5
] Plumbing 27 20~ 60 6
Fluid 26 0.68 8
E Supports and Miscellaneous 12 25- 75 3
f 100 % $ 39~ 82 6.5
(avg. $60/pound)
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The CER is presented in Figure 5,15, This figure repreaents the
cumulative average cost for 100 units in 1977 dollars and includes only

in~house production and subcontractor costs as discussed in Section 3,

Perceived Validity of Hydraulic System CER

A confidence value of 6.5 {a developed in Table 5,2 for the hydravlic
systew CER, in accordance with the methodology indicated in Section 3. Come
poneat or major assembly confidence values for plumbing, fluid and supports
and miscellaneous are the same as for their flight control system equivalents
vhich were discussed above, A relatively high confidence value (9) was
assigned to hydraulie pumps because of the detatled discussion provided by a
subcontractor, On the other hand, the aggregated cost per pound estimate
for reservoirs, accumulators, filters, regulators, valves and manifolds was
assigned a relatively low confidence value (5) because it was based on

assumptions regarding analogies and detailed information was not avallable,

Emerging Technolopies

Power-by-wire, which was discussed briefly with the flight control
system, would affect the cost of the hydraulic system., Since hydraulic
system components would be colocated with the hydraulic flight control
actuators, plumbing would be eliminated, even though additional pumps would

be required. This implies a significaantly increased hydraulic system coat
per pound,

5~34
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1. ELECTRICAL SYSTEM

Discussion of Electrical System Cost Data and CER Development

Very detailed cost data were obtained and reported for transport air-
craft electical system components.(l) The subcontractors who provided
these data were contacted and questioned regarding their applicability to
helicopters. They indicated *:at the electrical system major components
and subassemblies for transport aircraft were identical to those for heli-
copters, with the following key exceptions:

e Since helicopter drives operate at a constant speed, constant
speed drives (CSDs; are not required. This results in a sig-

nificant cost savings.

e Helicopters use less sophisticated electrical controls than do
transport aircraft; these items, therefore, cost only about two-
thirds as much,

By applying these considerations to the detailed transport aircraft
electrical system cost datn,(i) a total CAC100 for helicopter electrical
systems of about $74 per pound was esﬁimated. The following electrical
system CER was calculated:

Q-0.0895
13 13

A 94 percent learning curve was assumed. A cost of about $86 per pound was

Ci, = 143¢

estimated for an all DC helicopter, Thus, an upward adjustment of the CER
would probably be appropriate if an all DC system was contemplated,

The CER for a typical AC/DC electrical system is presented in Figure
5.16, This figure represents the cumulative average cost of 100 units in
1977 dollars and includes only in-house production and subcontractor costs,

as discussed in Section 3.

Perceived Validity of Electrical System CER

Becauge good data were acquired for transport aircraft electrical
i

systcms(“) and because the differences between them and their helicopter

5-36
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counterparts were thoroughly understood, the confidence values assigned to

transport aircraft electrical gystems were used for helicopter electrical

systems after modifications to reflect the design differences mentioned
above, A confidence value of 8 was the result,

5~38
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Je FURNISHINGS AND EQUIPMENT SYSTEM

Discussion of Furnishings and Equipment System Cost Data and CER Development

In developing furnishings and equipment CERs for transport aircraft(l)
it was necessary to contact many subcontractors in order to represent the
wide range of items included in this system adequately, Once these diverse
cost data were collected, it was necessary to aggregate these iﬁems into
categories with other similar, related items, The relative mix of these
categoriles in the complete system caused the estimated cost per pound of
the total system to vary by nearly 20 percent from small to wide body trans-
port aircraft ($40 to $57 per pound).

A careful analysis of detail weight statements for furnishings and
equipment included on five diverse military helicopters indicated that sub-
categories similar to those developed for transport aircraft could oe estab=-
lished., Further, there was no reason to believe that the cost data used to
develop CERs for transport aircraft furnishings and equipment would not be
appropriate for application to their helicopter counterparts. Thus, the
CAClOO cost per pound for helicopter furnishings and equipment systems is
developed in Table 5.3, in accordance with the methodology discussed in
Section 3. The following furnishings and equipment CER was calculated:

-0.0896

Cic = 69w15 Q

15

A 94 percent learnlng curve was assumed,

It is cautioned that, because of the unavailability of detail weight
breakdowns for commercial helicopters, this CER represents the mix of com-
ponents found on military helicopters only, Although it is expected that
the same furnishings and equipment categories would be found on commercial
helicopters, it is probable that their mix would be different and another
(probably higher) CER should be developed and used for them.

The CER is presented in Figure 5.17, This figure represents the
cumulative average cost of 100 units in 1977 dollars and includes only

in-house production and subcontractor costs, as discussed in Section 3,

5-39
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5 Table 5.3
FURNISHINGS AND EQUIPMENT SYSTEM
ok COSTS AND CONFIDENCE VALUES

Component % of Cost Per
Major Component or Subagsembly System Weight Pound Confidence Value

Seats and Chairs 56 % $ 30~ 36 8

Instruments Panel, Console

; Glare Shield, Wipers 11 42~ 91 2

‘z Insulation 15 28« 60 3

3 Fire Detection 2 150 3

?%2 Oxygen 2 51 8

j Cargo Handling 5 60- 80 2

! Other Emergency Equipment 9 42~ 91 2
100 Z $ 36~ 55 5.7

R R Tl

(avg. $46/pound)
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Perceived Validity of Furnishings and Equipment System CER

A confidence value of 5.7 is developcd ir Table 5.3 for the furnishings
and equipment CER, in accordance wilis the methodology discussed in Section 3,
Although the confidence values asaignad to most of the individual components
or major subassemblies were quite low (2 or 3), the overall confidence value
is considerably higher because of the good cost data availsble for seating
and the high proportion of seoting (56 percent) in the system. It 1s again
noted that both the CER and the confidence value are applicable to furnish-
ings and equipment systems for military helicopters and that these could
change significantly when applied to commercial helicopters,
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K. LOAD AND HANDLING SYSTEM

Discussion of Load and Handling System Cost Data and CER Development

The load and handling system represents an insignificant cost in the

production of a helicopter (less than one percent),

item, no independent research was devoted to this system. Because of its

similarity to and location in the body, it was assumed to have the same

cost per pound as the body.

The CER 1s:

Perceived Validity of Load and Handling CER

Because no cost data were collected for this system and but minimal’
analysis was performed, a very low confidence value (1) was asgsigned to

the load and handling system CER, in accordance with the criteria in

Table 3,3,

5-43
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1. IN-HOUSE ASSEMBLY

In-house assenbly includes all lsbor by the helicopter manufacturer

required to inteprate major componcats and subassemblies into a finished

helicopter, The following cost elements are included: major and minor

i

-:5‘
4 assembly, irstallation and checkout, and quallty control. A description
of all recurring production cost elements 18 included in Appendix A,
while some of this cost could be attributed to fndividual systems,
| the proportion would undoubtedly vary sipnificantly among them. For

example, the in-house assembly assocliated with the tody would be much
greater than for the auxiliary power system, which could simply be bolted
into place., Also, much of this cost is at the total helicopter lovel and
could not reasonably be allocated to the individual systems., It is there-

fore presented as a separate CER,

Discugsion of In-House Assembly Cost Data and CER DPavelopment

Data were not available for in=house asserbly ¢osts per se and, as &
result, they were estimated based on total afrframe cost data which were

le.(z)

availab 1t was assumed that the total spocified cust represented:

e All in-house production and subcontractor costs except those
associated with government furnished equipnment (wheels, breaks

and tirves, bare eagines, instruments and avionics equipment);
e All in~house assembly costsy
e Dlrofit was not included.

Fuurteen helicopter wodels were identified for which both detailed
weight and cost data were available. Froblems with some of the cost data
{such as the inclusion of non-recurring costs) reduced this sample to anine,
which represented helicopters with MEWs from about 2,000 to over 20,000
pounds. The following mothodology was followed in cstimating in-house

produyction costs:

e Rolling asserhly, bare eagine, fostrunent .ind avioanics woights

were omitted trom the data,
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e The systen level CERs were applied to all remaining actual welghts.*®

e The calculated afrframe unit weights frequently disagreed slightly
(say, *5 percent) with those indicated in the nource.(3)ao Thusa,
the cost waa prorated and adjusted accordingly. For example, if
the total cost estimate was bosed on & total waight of 950 pounds
and the compatvable reported welght was 1,000 pounds, the estimate

was adjusted upward by 5 percent.

e The source -ost data were adjusted to CACm0 in $FY?7 for compara=-
bility.

e The actual total cost was divided by the eatimated coat to determing

a factor for i{n-house assembly.

The two tandem helicopters included fn the sanple were observed to
have significantly higher {n-house assemuly costs than the others . **%  In-
house ansembly is, therefore, cstimated to vepresent 46 percent of total
recurring production cost for those ftems which comprise girframe unit weight
for single helicopters and 64 percent for tandems at 100 units. In-house
asscmbly was shown to represent about 3} percent of the recurring production
cost on trausport afreraft, Thus, helicopters are shown to bo somewhat wmore
expensive to azsembly on a per pound basis than are transport afrcrafe, which
is not surprising, conafdering thelr relatively light weight and comparadble

complexity.

* It is, of course, possible that errors could occur here. Still, the con-
fidence levels fndicated for these CERs was guch that it was assuned that
any errvor resviting trom them for a particular helicopter would bLe small
and ramdemly positive or negative.

*%  When source welghts varied by praduct fon lot, an average weight was used.

*4 1t {x quite possible that the sipnificantly higher in-house ansenbly fac~
tor caleutated for tandem helfcopters iz in fact a proxy for other factors
fucluding, for example, more complex desigpns or technolopy, higher coats

experionced for a factor of production, or cven a less efticient operation,
Data were not avatlable whifch would enable such a determination to be made.



The following CERs were developed for tn-house assenbly. As indicated,
they are a function of all ltems typically provided by the manufacturer.
Atteupts were made to includn all syatems in the equation, however, the
cast variance for engines, instruments and avionics wag too great to enable
this to be done. The learning curve slope included in the in-house assembly
equatfon {s relatively steep because of the large portioa of hand labor
involved.

EQuatkgn Rates

18 )
C . = 5.325[:‘: - Le %% gt - {5¢,7A,10, 14}

: 3!

18 -0.3959
Cig = 10.775[x ¢, - £c |0 Tandem: § = {5C,7A,10, 14}
19 175

Perceived Validity of In-House Asasembly CER

Confidence values of 8 and 6 are assigned to the in-house assembly
CERs for single and tondem helicopters, respectively, as more data were
available for single helicopters and the standard deviation for them was

relatively smasl (15 percent),
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APPENDIX A

DESCRIPTION OF RECURRING PRODUCTION COST ELEMENTS*

IN-NHOUSE PRODUCTION includes all labor and raw material related to

the production of wajor components and subassemblies by the helicopter

manutacturer. It includes the following cost elements which ure described
below: fabricaticen, sustaining engineering and sustaining tcoling labor,
.and raw material,

Fabrication labor performs operations in the manufacturing of
detailed parts from raw material and includes cutting, molding,
forming, stamping, stretching, macaining, heat treating, anodizing,
plating, etching, and deburring. It also includes shop coordination,

as well as material expediting,

Sustaining engineering labor includes technical staff suppore,

customer engineering and product development engineering labor,

Sustaining tooling labor {s expended for the modification and

repair of jigs, dles, fixtures, molds, patterns, and other manu~

facturing aics,

Raw material includes all raw materfal, such as sheets, bars, and

tubes, as well as castings, forgings, and extrusions,

SUBCONTRACTOR includes all major components and subassemblies which
are not produced by the helicopter manufacturer, Two cost clements are

included: outside production and purchased equipment.

Qutside production typically includes major subcontracted items,

such as the alighting gear,

Purchased equipment typically includes flipght controls, hydraulics

(pumps, manifolds, reservolrs, filters, plumbing, valves), electrical
(gcncrators, battery, wire, power distribution and control equipment,
and lighting), atr conditioning (environmental control systems, valves,

controls), anti-icing (ducts, electrical), auxiliary power untt,

*  The terminology and grouping of elements vary for different manufacturers,
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furaishings and equipment, instruments (flight and navigation

systems) and avionics (communication, flight and navigation),

IN-HOUSE ASSEMBLY includes all labor provided by the heli:opter manu-~

facturer which 1s required in order to integrate major components and sub-

assemblies into a finished helicopter. The following cost elcments are

included:

quality control, minor assembly and major assembly,

Quality control labor is concerned primarily with inspection of

production and tocling hardware, and with preparation and veri-

fication of tests and associated paperwork. Inspection of sub=

contractor supplied items, both in plant and out of plant, is

considered to be an overhead cost,

Minor assembly labor includes those operations which contribute to

the manufacturing of an end item consisting of two or more fabricated

parts and/or the joining of two or more assembled parts into a major

component, This may be accomplished by welding, riveting, soldering,

bolting or other fastening methods.,

Major assembly labor is broken into three subcategories:

1.

2.

Sectional assembly labor includes the effort which produces

assemblies which are manufactured and controlled to a unique
configuration for a specific helicopter. It includes both
"non-posicion" and "fixed position" stapes of the airframe con=
struction, The "non-position” operaticus can be set up in any
factory location where space 1s available and usually result in
subassemblies which will be used in the "fixed positions." The
"fixed positions" in the factory area can result in a completed

structural subsection or a whole section.

Installation and checkout labor operations are performed in

installing non~structural equipment and systems in an air vehicle
or a section of an air vehicle., Operational and air-worthiness

checks of both equipment and afrframe structure are also included
as 18 the installation and checkout of all electronics, avionics,

electrical systems and wiring,

A-2



g

-

3.

Miscellaneous labor consists of operations such as metal bond

testing, cleaning, sealing, and painting.
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APPENDIX B

SUMMARY OF SYSTEMS DESCRIPTIONS

1. WING SYSTEM

Helicopters typically do not utilize wings, although Bome more recent
designs have incorporated small wing stubs to improve aerodynamic character=-
istics or to carry military stores., Unlike the wings on fixed wing aircraft,
helicopter wings generally include only a simple box structure and do not
normally have control surfaces, Therefore, th.y do not have to accommedate
flight controls, hydraulic items or fuel systems. They may serve as fairings

or wheel wells for retracting landing gear.

2, ROTOR SYSTEM

The rotor system consists of the blade assembly and the hub and hinge
assembly. The blade assembly includes the interspace structure, leading
and trailing edges, tips (if not integral), balance weights, and mounting
hardware and blade foldings, The hub and hinge assembiy includes the yoke,
universgal joints, shafting between the rotor system and the drive box,
Spacers and bushings, lubrication system, fittings, pins, drag brace, rceten-

tion strap assembly, and fasteners and miscellaneous hardware,

3. TAIL SYSTEM

A tail systenm may not be present on all helicopters, since tandem
designs do not necessarily require a tail., The usual tail system includes
all the aerodynamic surfaces and the mounts for the tail rotor. The heli-
copter tail is a simple structure similar to the wing structure in that
control surfaces are not usually incorporated., The tail rotor and the main

rotor are defined similarly,

4, BODY SYSTEM

The body system consists of the fuselage shell structure, door and

window frames, deors, windows, floors, bulkheads, cockpit windshield, and

B-1



radome, Door actuation mechanisms, airstairs (when installed) and loading

ramps are also included.

5. ALIGHTING GEAR SYSTEM

Helicopters have two general types of alighting gears. Smaller heli-
copters (under about 3,000 pounds MEW) usually have skids which are fixed
ruaners and which support the airframe on landing. Larger helicopters
generally have fixed wheel-type alighting gears to enable them to be towed
on the ground and to take off non-vertically. This system includes landing
gear structure, which is made up of struts, side and drag braces, trunnions
and attachment fittings, The alighting gear controls include components
for braking, steering and retraction (on a few newer models). They also
include lines from the cockpit controls to the landing gears, The rolling
assembly includes wheels, brakes and tires,

6. NACELLE SYSTEM

The nacelle system includes the engine mount, firewall and cowl struc-

ture, engine air inlet, oil cooler scoop and miscellaneous installation hard-
ware,

7. PROPULSTION SYSTEM

The propulsion system includes three main subsystems: the powerplant,
the drive, and the fuel system. The powerplant subsystem includes the dry
engine, residual fluids and installation hardware as well as related com-
ponents: starter, air inductor, exhaust and cooling items, lubrication
systems and the engine controls. The drive subsystem includes the gear
specd reducers, transmission drive, rotor brake and shaft, and lube system.
The fucl subsystem includes the fuel f1ll and drain system, fuel distribu-

tion system, fuel vent plumbing and fuel tanks.

B-2
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8. FLIGHT CONTROLS SYSTEM

The helicopter flight controls system includes: cabin controls (cyclic
control column, collective pitch levers and rudder or tail rotor pedal);
mechanical operating mechanism (swash plate, stabilizing bar, linkages, bear-
ings and levers, bellcranks); hydraulie controls; fluid; and miscellaneous

hardware,

9. AUXILIARY POWER SYSTEM

The auxiliary power system supplies all power for ground operations
in lieu of ground support equipment. These operations include: cabin
ground air conditioning, engine starting, and driving a generator for
electric power.,

10. INSTRUMENTS SYSTEM

Instruments perform basic monitoring and warning functions assoclated
with the flight of the helicopter: electrical, hydraulic and pneumatic
systems operation, engine operation and fuel quantity. The instruments
system includes cockpit indicators and warning lights, transducers, signal

inputs, circuitry, and the monitoring devices.

11. HYDRAULIC SYSTEM

The hydraulic system on helicopters is required primarily to provide
hydraulic power to the hydraulic flight controls. In a few cases, hydraulic
power is also used for landing gear retraction and to power cargo handling
accessories, The hydraulic system 1includes: pumps, reservoirs, accumulators,
filters, regulators, valves, manifolds, plumbing, fluid, and supports and

mounting hardware.

12, PNEUMATIC SYSTEM

Curiously, none of the helicopter weight statements examined indicated

the existence of a pneumatic system. Thus, the following description is for

B-3
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The pneumatic System includes all heat exchangers and ducting, which
carries pressurized aryi from each of the main engines and from the auxile
lary power unit (APU). The pneumatic system provides compressed air for
cabin pressurization, air conditioning and ventilat{ion, engine starting,

ice prevention and turbine-driven Supplementary or emergency hydraulic power,

13, ELECTRICAL SYSTEM

The electrical system supplies power to a variety of helicopter
operating components, including, among others: 1lights, avionics, instru-
ments, passenger and cargo doors, cargo hoist, and environmental control

system,

The electrical system consists of the AC power system, the DC power
system and the lighting System. The AC system includes power generating
equipment, while the DC power system includes converters and batteries, and
both include the necessary controls, wiring, cables, fittings and supports
to distribute the electrical power from the power source to the electrical

power center,

The lighting System includes all interior and exterior lights, together
with the switches, associated circuitry from the electric power center, and

support hardware,

The wiring and circuitry leading from the electric power center to the
varlous components which use electricity are included with the respective

systems,

14, AVIONICS SYSTEM

The avionics system is separated into four subsystems. They are

described in the following paragraphs,
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Integrated Flight Guidance and Controls Subsystem

The integrated flight guidance and controls subsystem includes the
autopilot unit, the flight director unit, the gyrocompass unit, the attitude
and heading reference unit, and the inertial navigation unit. These units
are interdependent and may be either separate, interconnected units or one,
integrated functional unit., All indicators, servomechanisms, and associated
circultry, supports and attachments related to the integrated flight guid-
ance and controls subsystem are also included. Although usually colocated
with this subsystem, the auto-throttle/thrust management unit is part of the

propulsion system because it functions to control the engine.

Communication Subsystem

The communication subsystem is separated into internal and external
units. The internal communication unit includes the interphone system, the
public address system, and the multiplex (MUX) system. The external com—
munication unit includes the transceiver equipment which 1s used for air-

craft-to-aircraft or aircraft-to-ground communications.

Navigation Subsystem

The navigation subsystem includes all radar equipment, the automatic
direction finding (ADF) unit, the distance measuring equipment (DME) unit,
the doppler unit, the navigation computer units, the station-keeping unit,
the tactical air aavigation (TACAN) unit, the variable omnirange (VOR)
unit, the marker beacon unit, the instrument landing system (ILS), the col-
lision avoidance unit (CAS), the airport traffic control (ATC) unit, the
radio altimeter unit, the glide slope indicator, and the radar beacon unit.
All of the navigation uniés, indicators, antennae, associated circuitry
and antenna coaxial cable, and the units' supports and attachements related

to the navigstion subsystem are included.

Miscellareous Equipment Subsystem

The miscellaneous equipment subsystem includes the flight, voice and

crash recorder unit, the aircraft integrated data (AID)/malfunction detection
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analysis and recording (MADAR) unit, the weight and balance unit (1f 4in-

stalled), and the equipment rack structure and wounting hardware and cir-
cuitry,

15.  FURNISHINGS AND EQUIPMENT SYSTEM

Fﬁrnishings and equipment include a variety of items in the cockpit
and the passenger and/or cargo compartment. In the cockpit, this category
includes all instrument and console panels, seats, insulation, lining, crew
oxygen system, and cockpit door and partitions.

In the passenger and/or cargo compartment, this category includes
seats, floor covering, insulation, side panels, ceiling structure, hatrack
or baggage containers, and passenger comfort items such as galley or lav-
atory installations.

Miscellaneous items include the engine and cabin fire extinguisher
systems, fire warning system, exterior finish, and emergency equipment

(i.e., first aid kit and fire ax). Cargo loading equipment is also a part
of this system.

16. AIR CONDITIONING SYSTEM

The air conditioning system, in addition to supplying conditioned air
to the cabin, heats the €argo compartment and supplies conditioned air for

avionic and electrical load center cooling,

17. ANTI-~ICING SYSTEM

Anti-icing functions can be performed either by hot bleed air or by
electrical heat. Bleed air systems include all ducting from the main pneu-
matic source and inner skins, which form the hot air cavities. Electrical
systems include the electrical blankets fastened to the outer surfaces of

critical items, plus all wiring and controls.
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18.  LOAD AND HANDLING SYSTEM

The load and handling system consists of loading and handling gear,

including provisions for jacking, hoisting and mooring, and ballast.
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